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Abstract
High energy consumption in buildings is a research issue of great importance today,
with solid-liquid phase change materials (PCMs) proving an excellent candidate for
passive means to reduce energy consumption. In the current research, a novel
protective coating was developed from geopolymer to encapsulate a PCM to prevent
leakage in the liquidous phase. The PCM was characterized using a customized
temperature history method (THM) and standard differential scanning calorimetry
(DSC). Two different porous materials, polyurethane foam and lightweight expanded
clay aggregate (LECA), were selected to hold the PCM and act as a matrix in which
to develop PCM capsules. Ingredients of the coating were characterized using X-ray
fluorescence (XRF), X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Initially, liquid PCM was absorbed into foam and LECA by direct immersion
and vacuum impregnation, respectively, until maximal absorption was achieved. A
geopolymer coating was developed and applied to spherical foam and LECA matrices
containing PCM at low temperatures to produce leak-proof PCM capsules, thus
yielding geopolymer coated PCM capsules in matrix of foam (GP-F-PCM) and
geopolymer coated PCM capsules in the matrix of LECA (GP-L-PCM). Efficacy of
the produced capsules was tested by exposure to harsh outdoor conditions and
application of rapid thermal cycles above and below the melting point of the PCM
while leak proofing efficiency was examined using diffusion-ooze circle (DOC) test.
Alkali-activated geopolymer concrete (GPC) cubes were developed to test thermal
performance and compressive strength. Different compositions were developed for
each matrix material (foam or LECA) and compared with a reference sample
comprising a cube of GPC (i.e., six experimental samples in total, plus the reference).
Samples of GPC were cast with 25%, 50% and 75% volume ratio replacement of their
solid contents with either spheres of foam, LECA, or the same ratios of GP-F-PCM
and GP-L-PCM capsules. Each composition was tested separately and heated until the
achievement of steady-state temperature in a customized indoor set-up. Compression
tests were performed after seven days and 28 days of curing. Thermal tests revealed
that direct addition of foam into GPC increased the back-surface temperature.
Increasing the amount of foam had increased the temperature and for the maximum
case of 75% foam addition, this increment was 5.8ºC in comparison to the reference.
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Addition of GP-F-PCM, LECA, and GP-L-PCM had a positive effect on the
temperature drop on the back surface of the cubes. For the best case, a temperature
drop of 12.5 °C was obtained at the back surface of cube with 75% GP-F-PCM, with
respect to the reference. In comparing the capsules of LECA and foam as the matrix,
GP-F-PCM produced more pronounced results because of higher PCM absorption in
foam. Heat transmission effect was validated measuring U-values of all the sample
cubes. It was observed that U-value for the reference cube was 2.04 W/m2K which
increased to 2.072 W/m2K for 75% foam. The U-value decreased to the levels of 1.092
W/m2K, 1.6 W/m2K and 0.9 W/m2K for 75% GP-F-PCM, 75% LECA and 75% GPL-PCM respectively. In terms of compression strength, the addition of foam had
slightly positive effect (+6.3%) but the addition of GP-F-PCM, LECA, and GP-LPCM reduced strength significantly. Compression strength was 9.9 MPa, 10.1 MPa
and 10.9 MPa for 75% GP-F-PCM, 75% LECA and 75% GP-L-PCM, which can be
attributed to the fragile PCM and weak LECA structure. However, thermallyresponsive geopolymer concrete is promising and suitable for the construction of
building facades, partitioning walls and roofing membranes.
Keywords: Phase change material, expanded clay aggregate, polyurethane foam,
vacuum impregnation, macro-encapsulation, geopolymer concrete, building energy
efficiency, peak temperature damping, U-value.
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)Title and Abstract (in Arabic

وصف ﻣﺮﺣﻠﺔ تغﻠيف الماكﺮو تغييﺮ المواد الحﺮاريﺔ والهيكﻠيﺔ المتكاﻣﻠﺔ إلى ﻣكعبات
ﻣﻠموﺳﺔ

المﻠخﺺ
يعد اﻻستهﻼك العالي للطاقة في المباني قضية بحثية ذات أهمية كبيرة اليوم ،ويمثّل استخدام المواد
المتحولة حراريًا من الحالة الصلبة إلى السائلة )المواد المتحولة الحالة الفيزيائية (PCM-كعﻨصر
ً
ممتازا للحد من استهﻼك الطاقة .خﻼل هذا البحث العلمي المطروح ،تم تطوير
اختيارا
مستتر
ً
طبقة واقية جديدة من مادة )الجيوبوليمر( لتغليف المواد متحولة الحالة الفيزيائية؛ لمﻨع التسرب
خﻼل مرحلة السيولة لهذه المواد .وتم توﺻيف مميزات هذه المواد المتحولة الحالة الفيزيائية
صصة لتسجيل تاريخ درجة الحرارة ) (THMوجهاز القياس التفاضلي
باستخدام الطريقة المخ ّ
) .(DSCوخﻼل هذه الدراسة ،تم اختيار اثﻨين من المواد المسامية المختلفة :رغوة البوليوريثان
) ،(polyurethaneوخﻼئط الطين المسامية خفيفة الوزن ) ،(LECAلحمل وحفظ المواد المت ّحولة
مكون للكبسوﻻت الحاملة للمواد المتحولة حراريًا .وتم توﺻيف مكونات
حراريًا ،والعمل كﻨسيج ّ ِ
هذا طﻼء باستخدام اﻷشعة السيﻨية المضاءة ) ،(XRFودرجة حيود اﻷشعة السيﻨية )(XRD
والمجهر اﻹلكتروني الماسح ) .(SEMلتحضير العيّﻨات ،أوﻻً :تم امتصاص المواد متحولة الحالة
الفيزيائية في حالتها السائلة من قبل الرغوة عن طريق عملية الغمر المباشر ،و من قبل خﻼئط
الطين  LECAعن طريق التلقيح الﻼهوائي حتى تم بلوغ أقصى قدر من اﻻمتصاص .ثانيًا :تم
عمل طﻼء للجيوبوليمير وتطبيقه على الرغوة الكروية ونسائج خﻼئط الطين  LECAالمحتوية
على المواد المتحولة حراريًا في درجات حرارة مﻨخفضة ﻹنتاج كبسوﻻت حاملة لهذه المواد
المتحولة الحالة الفيزيائية ،مانعة للتسرب .وكﻨتيجة لذلك ،تم انتاج نوعين من هذه الكبسوﻻت:
كبسوﻻت مواد متحولة الحالة الفيزيائية مطلية بالجيوبوليوم في نسيج من الرغوة )،(GP-F-PCM
وكبسوﻻت مواد متحولة الحالة الفيزيائية مطلية بالجيوبوليوم في نسيج من خﻼئط الطين المسامية
خفيفة الوزن ) .(GP-L-PCMولتأكد من جودتها ،تم اختبار كفاءة الكبسوﻻت المﻨتجة عن طريق
التعرض لظروف جوية قاسية في الهواء الطلق وتطبيق دورات حرارية سريعة التغيّر فوق وتحﺖ
نقطة انصهار المواد المتحولة فيزائيًا ،بيﻨما تم فحص كفاءة تسريﺐ الكبسوﻻت المﻨتجة باستخدام
ّ
الموزع ) .(DOCخﻼل هذه الدراسة ،تم انتاج مكعبات خرسانية جيولوجية
اختبار دائرة اﻻنتشار
متفاعلة قلوية ) (GPCﻻختبار اﻷداء الحراري لها ،وقوة انضغاطها .وتم اختبار تركيبات مختلفة
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لكل نسيج من الرغوة أو خﻼئط الطين ) ،(LECAومقارنتها مع عيﻨة مرجعية تضم مكعﺐ من
) GPCبﺈجمالي ستة عيﻨات تجريبية ،وعيﻨة مرجعية( .وتم ﺻﺐ عيﻨات من  GPCباستبدال اجمالي
لمحتوياتها الصلبة بكرات الرغوة أو كبسوﻻت  ،GP-L-PCM،GP-F-PCMبﻨسﺐ تتراوح بين
 ٪25و  ٪50و  .٪75تم اختبار كل تركيبة مذكورة سلفًا على حدى ،وتعريضها للحرارة حتى
استقرارها عﻨد درجة حرارة ثابتة .وتم إجراء اختبارات الضغط بعد سبعة أيام و  28يو ًما من
المعالجة .كشفﺖ اﻻختبارات الحرارية أن إضافة الرغوة المباشرة إلى  GPCزادت من درجة
حرارة السطح الخلفي ،فسجلﺖ الحالة القصوى من إضافة الرغوة بﻨسبة  ٪75زيادة بمقدار 5.8
درجة مئوية بالمقارنة مع المرجع .وفي المقابل فﺈن المكعبات المحتوية على المواد GP-F-PCM

و  LECAو  GP-L-PCMكان لها تأثير إيجابي واضح على انخفاض درجة حرارة السطح الخلفي
ضا يصل إلى  12.5درجة مئوية في حالة اضافة ،GP F-PCM ٪75
للمكعبات .لتحقق أعلى انخفا ً
مقارنة بدرجات حرارة المرجع .وأسفرت الﻨتائج البحثيّة عﻨد مقارنة خﻼئط الطين والرغوة
الﻨسيجيّة ،أن  GP-F-PCMكان له تأثير أكثر وضو ًحا بسبﺐ ارتفاع امتصاص المواد المتحولة
الحالة الفيزيائية في الرغوة .وتم التحقق من ﺻحة تأثير نقل الحرارة ،عن طريق قياس قيم  Uمن
جميع عيّانات المكعبات المختبرة .ولوحظ أن قيمة  Uللمكعﺐ المرجعي كانﺖ ) 2.04واط  /م2

كالفن( وزادت إلى ) 2.072واط  /م 2كالفن( للرغوة بﻨسبة  .٪75بيﻨما انخفضﺖ قيمة  Uإلى
مستويات ) 1.092واط  /م 2كالفن( ) 1.6 ،2واط  /م 2كالفن( و ) 0.9واط  /م 2كالفن( لـ ٪75

 ،GP-F-PCMو  LECA ٪75و  GP-L-PCM ٪75على التوالي .ومن حيث الﻨتائج المتعلقة بقوة
الضغط ،كانﺖ إضافة الرغوة ذات تأثير إيجابي طفيف ) (6.3٪ +ولكن إضافة  GP-F-PCMو
 LECAو  GP-L-PCMقللﺖ الفارق بشكل كبير لتحقق قوة انضغاط بمقدار  9.9ميجا باسكال ،و
 10.1ميجا باسكال و  10.9ميجا باسكال لـ  ،GP-F-PCM ٪75و  LECA ٪75و GP-L- ٪75

 ،PCMوالتي تعزى إلى وجود المواد المتحولة حالتها الفيزائية الهشة وهيكل خﻼئط الطين
المسامي الضعيف .نتائج واعدة ومﻨاسبة لبﻨاء واجهات المباني ،وتقسيم الجدران وأغشية اﻷسقف.
ﻣفاهيم البحث الﺮئيسيﺔ :المواد المتحولة الحالة الفيزيائية ،خﻼئط الطين المسامية خفيفة الوزن،
رغوة البولي يوريثان  ،كفاءة الطاقة في المباني.
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Chapter 1: Introduction
1.1 Objectives of the thesis
The main objective of this work is to develop and investigate a thermallyenhanced alkali-activated geopolymer concrete (GPC) by incorporating phase change
material (PCM) capsules in building components to lower and delay peak indoor
temperature.
To achieve this objective, form-stable capsules were developed using paraffinbased PCM as a core material within a matrix of lightweight expanded clay aggregate
(LECA) or ordinary foam and coating the capsules with leak-proof shell materials to
ensure retention of the PCM when molten. These PCM macro-capsules were integrated
into a GPC mix to form concrete cubes. The thermal performance of GPC cubes was
tested by exposing each cube to high heat loads. Structural stability was evaluated by
conducting compression testing.
This research investigated the optimal proportion of PCM addition to GPC to
reduce indoor cooling demand in buildings in hot climates. The research is also of
value for applications in mild and cold climatic zones as the thermal performance of
developed capsules may be varied via adjustments to the PCM transition temperature
alone.
1.2 Thesis methodology
Based on previous research, a paraffin based PCM was selected with a transition
temperature close to human thermal comfort. This material was absorbed into the voids
of LECA and foam using different methods of immersion and vacuum impregnation
and the associated methods optimized by tuning the parameters of temperature,
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pressure and time. Different coat or shell materials were prepared and applied to the
spheres of LECA and foam with solid PCM inside to develop form-stable capsules.
These capsules were tested by exposure to rapid thermal cycles and normal ambient
conditions. Leakage of PCM was also confirmed using DOC test. GPC cubes were
developed with the addition of different proportions of capsules. Thermal performance
of the cubes was tested in indoor experiments by exposing one face of the cube to
thermal radiation and measuring the transmission of heat across the thickness of the
cubes. The same were tested structurally under certain loading conditions. The U-value
of the cubes was measured experimentally using a U-value kit to confirm the results
of thermal performance.
1.3 Thesis outcomes
This work focuses on investigating the thermal effectiveness of GPC within the
limits imposed by structural strength. The outcomes of this research were:
-

Development of geopolymer coated form-stable capsules of PCM in matrices
of expanded clay (LECA) or foam

-

Production of thermally stable PCM capsules tested using;
i.

Weathering test

ii.

Rapid heating/cooling cycles

iii.

Diffusion-oozing circle test

-

Optimization of the quantity of PCM capsules into the GPC for optimal design

-

Peak damping of back surface temperature of GPC cubes

-

Production of structurally stable GPC cubes incorporating PCM capsules

-

Production of the leak free GPC cubes embedded with PCM after intensive
thermal testing.
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1.4 Thesis structure
The thesis is divided into six chapters, including this introduction (Chapter 1).
Chapter 2 examines current developments in the field of thermal energy management
of buildings and the advantages of GPC over ordinary Portland cement (OPC). It also
presents energy statistics and discusses future energy trends globally and the fraction
of energy consumed by residential buildings. It summarizes literature review on the
geopolymerization process and the factors effecting it.
In Chapter 3, the experimental materials are described, and their properties tested
before and after use with techniques such as DSC, THM, XRF, XRD and SEM. The
chapter also describes the synthesis of macro-capsules of PCM with different shell
materials and their ability to retain the PCM after several heating/cooling cycles.
Chapter 4 details the thermal performance of GPC containing PCM. It includes
the preparation of test specimens for the thermal and compression tests, experimental
set-up for the indoor thermal experiments, and results of the experiments.
Chapter 5 covers the compression testing, analysis of the results and relevant
discussion. It also describes few observations that were observed during the
experiments.
In Chapter 6, conclusions are drawn from the research project and
recommendations proposed for future research.
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Chapter 2: Literature Review
2.1 World energy outlook
Rapid economy growth and rising living standards have boosted energy demands
at a staggering rate, with serious implications for climate change [1]. World energy
consumption more than doubled between 1973 and 2015, reaching 13647 Mtoe
(million tons of oil equivalent) in that year [2]. Consumption surged on average at a
rate of 1.5% a year from 2010 to 2015. According to Patterson, the consumption of
coal and natural gas increased at the average rate of 1.1% and 1.7% annually in the
same period, with associated greenhouse gas emissions [3]. Statistics show that the
burning of fossil fuels has increased greenhouse gas emissions by 7.7% between 1990
and 2014 [4]. These emissions to the atmosphere enhance the greenhouse effect and,
in accordance with the current scientific consensus, are likely to contribute to climate
change. The implications of climate change are too serious to ignore, with forecast
impacts on average global temperatures, the melting of glaciers, and inundation due to
sea-level rises [5]. Figure 1 shows the long-term growth in world energy supply by
fuel type since the 1970s.

Figure 1: World total primary energy supply by fuel (in Mtoe) from 1971 to 2015 [2]
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In the European Union, 40% of total energy supply is consumed in buildings for
heating, cooling, and ventilation and this is expected to increase [6]. In Canada, 81%
of the total energy consumed by buildings is for space and water heating needs in
residential buildings [7]. According to a 2015 report by the U.S. Department of Energy
(DOE), energy needs within buildings (residential and commercial) account for almost
39% of primary energy consumption in the U.S., as shown in Figure 2 [8].

Commercial
18%
Industrial
32%

Residential
21%

Transportaion
29%

Figure 2: US energy consumption (2015) by sector [8]
A breakdown of energy consumption in the building sector is shown in Figure
3. Over half of the energy consumption in buildings (52%) is utilized in space heating
and cooling [8]. This area of energy consumption poses new challenges to researchers
seeking to address building efficiency and global energy needs.

6
Others
20%

Space Heating
41%

Refrigeration
6%

Space Cooling
11%

Water Heating
22%

Figure 3: US energy consumption (2015) in residential buildings [9]
2.2 Energy efficient buildings
In an effort to mitigate greenhouse emissions and climate change, building
engineers and architects are focused on designing zero carbon homes [10], primarily
by passive means. To help meet the target of zero energy use in a residential building,
several approaches are adopted, among these are shading of wall to reduce indoor
cooling load (Figure 4) [11], optimization of glazing and windows for minimized heat
transfer across the building [12], building skin with tunable U-values [13], building
integrated photovoltaics [14], geothermal energy systems for district heating [15],
natural daylighting and ventilation [16], algorithms to make buildings energy efficient
[17], tariff based planning of appliances to shift the loads off-peak [18] and use of
PCMs in thermal energy storage systems (TESS) [19]. Multi-layered insulated and
single-layered walls are being designed to avoid excessive heat gain or loss [20]. By
selecting appropriate coating materials for the outer surface of a wall, its absorption

7
coefficient may be 'tuned,' inducing a time lag in the heat gain and a drop in
temperature swing [21]. The induced time lag is enhanced by increased thermal inertia
of the building materials [22]. Building envelopes with a higher thermal inertia are
more energy-efficient, specifically in a higher heat load condition [23,24]. As a means
of increasing thermal inertia, conventional massive construction techniques [25] are
being increasingly replaced with methods that incorporate phase change materials
(PCMs) into the building envelope [26].

Figure 4: Schematic diagram of green roof [11]
Increasing the heat capacity and storage capability of building envelopes is
considered a key approach for reducing fluctuations in indoor temperatures and
making buildings more energy-efficient. PCMs are viewed as being among the best
candidates in this regard for their ability to absorb and release large amounts of latent
heat during phase transitions over a narrow temperature range. Undoubtedly,
introducing PCMs into building envelopes would significantly improve the heat
capacity and storage capability of the building, thereby saving energy [27].
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In respect of research into improving building energy efficiency, different
techniques have been trialed in the building components of roofs [28], walls [29], and
under floors [30] to minimize indoor energy demand by passively protecting the
components from a harsh outdoor environment. Figure 5 shows a test cell in which
PCM was added to a roof component and coupled with a radiant barrier system. The
test cell was tested experimentally and with modelling in hot and humid climatic
conditions. The study reported a decrease in temperature of 2 °C for a PCM roof,
compared with a non-PCM roof [28].

Figure 5: Simplified construction of tested cell (PCM in roof) [28]
The performance of PCM has been tested extensively in the walls of buildings
with both modelling and experiment. In a study in 2016, the effect of location of PCM
on thermal performance was tested (Figure 6). This study reported a reduction in
indoor temperature fluctuations and improved energy efficiency through the use of
PCM [30].
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Figure 6: Schematic diagram of side-wall cooling system with PCM [30]
2.3 Method of integration of PCM into building component
Initially, PCMs were integrated into buildings by impregnation, immersion, or
direct incorporation of PCM into the porous aggregate of the concrete mix [31], [32].
PCMs incorporated into aggregate enhance concrete density and heat storage capacity,
resulting in higher thermal inertia [33]. However, all such methods suffered from
gradual leakage of PCM over time [34,35]. The leaked PCM would react with the
building material, causing corrosion and loss of strength, thereby shortening building
life [36]. An alternative approach has been to enclose or coat PCMs in a suitable shell
material—this approach led to the development of micro-encapsulated PCMs [37].
Micro-encapsulated PCM-filled floor cavities studied experimentally and
numerically have yielded a drop in the indoor temperature swing by 1 °C [38].
Integration of PCM in the building facades has yielded an increased heat storage
capacity of 2501.3 kJ in 24 hours, resulting in an increase in indoor temperature in the
winter in Coimbra, Portugal [39]. The combination of PCMs with a building-integrated
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photovoltaic system reduced the cooling load by 9.5% at the peak in summer [40].
Different arrangements of PCMs, air cavity, and insulation layer were tested in an
outdoor experiment (Figure 7). The indoor heat gain was reduced by 44%, rendering
a time lag of 2.6 hours at maximum through a wall outfitted with a PCM layer in the
presence of an air cavity [41]. A concrete mix containing 5% macro-encapsulated
PCM exhibited an energy saving up to 15%, with marginal loss of structural strength
[42]. For tropical weather conditions, a thin layer of PCM with the cool colored
building envelop is proposed. This study reported energy saving in the range of 5% to
12% through the year because of stable weather conditions [43]. PCM plaster has been
investigated in cold conditions as a finishing material for inside walls and roof in an
experimental research. Using PCM plaster, indoor temperature was kept at almost 20
°C even when outside temperature was below -5 °C. This assembly also helped in
maintaining the indoor humidity [44]. The effect of cementitious PCM for thermal
performance of building was evaluated. Use of cement based PCM in the building
envelop can reduce peak temperature by 4.43 °C [45].
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Figure 7: Schematic diagram and experimental set-up of concrete blocks, with
construction layers and test chamber [41]
To date, PCMs have been incorporated into building materials by direct
immersion of concrete blocks, direct mixing with insulation or the addition of microcapsulated PCMs into concrete aggregates. Direct immersion causes leakage of PCMs
and problems with moisture transfer; hence this method has been largely discarded
[46]. Direct mixing of PCMs with insulation causes evaporation (in the case of
inorganic PCMs), degradation, or eventual dematerialization (in the case of organic
PCMs) [47]. Integration of micro-encapsulated PCMs into concrete aggregate causes
uneven distribution of PCM within the concrete, thereby inducing structural failures
[48]. Current research is now focused on encapsulating the PCM with a shell material
which is not reactive with the concrete and shows good compatibility.
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2.4 Encapsulation of phase change material (PCM)
Encapsulation is a technique to encase the required material within a shell to
achieve desired characteristics of preservation, time-dependent release of material,
delivery of a substance to the specific target, reduced reaction with the environment,
prevention of corrosion, and stability of function, and to facilitate the use of toxic
materials [49]. The shell material covers and protects the core material from the
external environment to facilitate the desired application.
Micro-encapsulation technology is applied in fields such as medicine [50], food
preservation [51], thermal energy storage [52], cosmetics [53], textiles, and defense
[54]. Micro-encapsulation refers specifically to the encapsulation of materials that are
small in diameter, in the range of micrometers [55]. The characteristics desired or
achieved through micro-encapsulation for building applications are summarized by
Hassan, Shakeel Laghari, and Rashid (Table 1) [31].
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Table 1: Desirable characteristics for micro-encapsulation, shell material, and
PCMs
Microencapsulation
Increased heat
transfer efficiency
Increase heat transfer
area
Eliminate reaction of
core material with
outside environment
Accommodate
volume changes
during phase
transition
Easy handling
Fine distribution

Shell material
(Encapsulant)
Flexible, thermally
stable, and resistant to
corrosions
Protection of the PCM
from direct exposure to
outside environment
Conductive for active
energy storage and
insulating for
incorporation into
building components
Good bonding with both
the PCM and the
construction material
Non-toxic
Less cost
Fire resistant
Non-hazardous

PCM
Stability over several thermal
cycles comparable to building
life
Corrosion resistant with shell
material
Conductive for active thermal
energy storage systems and
insulating for incorporation
into building components
Phase transition temperature
close to comfort zone
No sub cooling
No incongruent melting
Non-toxic
Low cost
Fire resistant
Non-hazardous
Reversibility of phase
transition
Reusable

The advantages of micro-encapsulated PCMs include the protection of PCM
against the influences of the environment. A suitable coating protects the composite
from changes in the volume of the PCM, as the phase change occurs [56]. Several
methods for the micro-encapsulation of paraffins involve entrapping them within
organic shells, for example, by emulsion-solvent evaporation [57] or coacervation
[58]. A mini-emulsion method [59] and in situ polymerization of an organic shell are
also used for the production of capsules composed of a PCM core and polymer shell
[60]. Other techniques such as absorption, solution intercalation, and ultrasound
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assisted sol–gel method [61] offer the advantages of simplicity and low cost [62].
Optionally, liquid PCM may be mixed with a molten polymer to create a foam-like
supporting matrix within the PCM itself. These types of composites are generally
described as shape-stable PCMs. The polymer matrix gives a compact shape to the
PCM and, when it melts, the liquid phase is fully contained within the matrix due to
capillary forces [63]. Since the energy storage is the function of the amount of PCM,
it is desirable to stabilize the material with as little polymer as possible. The shapestable PCMs may be classified into two groups: solid-solid and solid-liquid PCMs
[64]. In the first group, molecular crystals undergo solid-state crystal transformations
in response to the absorption or release of heat, with polymers cross-linked by
chemical agents or electron beam irradiation. The second group includes composites
obtained by dispersing PCMs in higher-melting-point materials acting as supporting
media. If the operating temperature is below the melting point of the supporting
material, the composite preserves its shape even if the PCM changes from solid to
liquid. An analysis of previous studies is summarized in Table 2.
Table 2: Summary of findings of experimental research on PCM encapsulation
using different core and shell materials, production processes and reported findings
Core
Material
Paraffin and
palmitic acid
[65]

Shell Material Production
Process
Styrene and
Emulsion
ethyl acrylate
polymerization

Sodium
nitrate [66]

Perhydropolys
ilazane

Solvent
extraction and
ultrasonic
dispersing

Findings
Micro-encapsulation was successful
with 32.7 wt.% of paraffin and 47.8
wt.% in the capsules.
Below 200 °C (much higher
temperature than the normal working
range), they do not decompose.
Particle size was 165 nm and 265 nm
for both core materials.
Shell material in the capsules was 85
wt.%.
Particle size was non-uniform with the
range 0.4 μm to 140 μm.

15
Table 2: Summary of findings of experimental research on PCM encapsulation
using different core and shell materials, production processes and reported findings
(continued)
Core
Material
Caprylic
(octanoic)
acid [67]

Shell Material Production
Process
Polystyrene
Emulsion
polymerization

Paraffin [68]

Cross-linking
phase-change
structure
(CPCS)

Cross-linking
and blending

Caprylic acid
[69]

Resins of ureaformaldehyde
and melamine
formaldehyde

Coacervation

Paraffin [70]

Melamine–
formaldehyde
resin

Modified in
situ
polymerization

Dodecanol
[71]

Wood
flour/highdensity
polyethylene
(HDPE)
composites

in situ
polymerization

Findings
Micro PCMs prepared with cross
linking agent EGDMA were more
stable than with cross linking agent
AMA.
Crosslinking agent had direct impact
on the encapsulation efficiency.
Repeatability of the experiment
possible, but efficiency of
encapsulation slightly reduced.
74 wt.% of the core material
successfully contained in the matrix.
Phase change enthalpy of capsules was
210.6 J/g.
Samples were observed dry when
heated to 100 °C.
Micro-encapsulation was successful
with particle diameter 200 nm to 1.5
μm.
Different value of encap sulation
efficiency was reported with maximum
value of 60%.
Core material was 43 wt.% of the
microcapsules.
Particles were 15 μm average size with
normal size distribution.
Capsules had a strong plasticizing
effect on the HDPE, resulting in a
significant decrease in the melting and
crystallization temperatures.
Micro-encapsulation process was
successful yielding different sizes of
the capsules in the range 0.83 μm to
14.4 μm.
Excellent thermal storage ability, good
thermal stability and acceptable
mechanical properties were reported.
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Table 2: Summary of findings of experimental research on PCM encapsulation
using different core and shell materials, production processes and reported findings
(continued)
Core
Material
Bischofite
[72]

Shell Material Production
Process
Acrylic
Fluidized bed
method

n-octadecane
[73]

Poly (stearyl
methacrylate)

Suspensionlike
polymerization

n-octadecane
[74]

Sodium
alginate

Melt coaxial
electrospray

Paraffin [75]

Poly (methyl
methacrylate)

Suspensionlike
polymerization

n-octadecane
[76]

Poly (methyl
methacrylate)

Suspensionlike
polymerization

Polyethylene
glycol [77]

Diatomite

Vacuum
Impregnation

Polyethylene
glycol [78]

Diatomite/
carbon
nanotubes

Dispersion and
vacuum
impregnation

Findings
Encapsulation efficiency of up to 95%
achieved.
Microcapsules had excellent melting
temperatures and enthalpy compared
to original PCM.
Particles had a spherical profile with
average diameter 5 to 21 μm.
Good thermal energy storage and
thermal regulation potential was
reported.
56 wt.% of paraffin is contained in the
microcapsules with the particle size
less than 100 μm.
This technique offers good results for
encapsulation of PCMs.
89.5 wt.% of core material is
encapsulated successfully with good
thermal stability.
Nanoparticles of 0.1 μm to 19 μm and
microparticles of 94 μm was produced.
Microcapsules had a high thermal
storage capability, enhanced thermal
reliability and stability, and increased
thermal conductivity.
The proposed method was low cost;
assisting cost-benefit analysis for bulk
productions.
Melting temperature of the composite
PCM was 27.7 °C and latent heat of
87.09 J/g.
Addition of expanded graphite
increased the thermal conductivity of
the composite.
No leakage of PCM was observed.
Melting point of the composite was 8
°C with a latent heat of 62.9 J/g.
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Table 2: Summary of findings of experimental research on PCM encapsulation
using different core and shell materials, production processes and reported findings
(continued)
Core
Material
Capric acidmyristic acid
[79]

Shell Material Production
Process
Cement
Vacuum
impregnation

n-alkanes
and their
eutectic
mixtures [80]

Polystyrene

Miniemulsion
process

Capric acidpalmitic acid
[81]

Silica fume,
carbon nano
tube

Vacuum
impregnation

Findings
Composite’s melting point and latent
heat capacity were 21.13 °C and 41.78
J/g, respectively.
A temperature difference of 0.78 °C in
the indoor space was measured using
this composite.
Thermal stability after RTC was
reported.
Melting ranged from 20 °C to 35.9 °C
and latent heat ranged from 61.2 J/g to
46.1 J/g.
Melting range of different
compositions was 19–26 °C and latent
heat was 46–49 J/g.
Good thermal and chemical stability
was observed after 1000 cycles.

2.5 Preference of geopolymer concrete over ordinary Portland cement concrete
The global demand for concrete continues to increase in response to a growing
need for urban infrastructure (Figure 8). OPC has been traditionally used as the binder
for concrete. However, cement production is associated with the emission of
considerable amounts of greenhouse gases. Therefore, development of alternative
binders utilizing industrial by-products is considered vital to help reduce the carbon
footprint of concrete production.
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Figure 8: Global cement production and global population in urban areas since 1950
[82]
Geopolymer is an emerging alternative binding agent based on an industrial byproduct material instead of cement. Fly ash (FA) has been extensively used and found
to be the most practical source material suitable for concrete applications [83]. Coalfired power stations generate substantial amount of FA as by-products. Therefore, the
use of FA-based GPC in construction has the potential to reduce the carbon footprint
of concrete manufacture.
Many studies have been conducted to test the performance of GPC and compare
it with traditional OPC. In a 2014 study, the effect of fire on OPC and GPC was tested
for cracking, spalling, and residual strength. Cracking damage in GPC was less than
in OPC. Spalling was present in OPC but absent in GPC when exposed to temperatures
up to 1000 °C. It was observed that the strength of GPC increased with rising
temperature due to curing. It was also reported that the heating of the inside of the GPC
occurred more quickly, compared with OPC [84]. The performance of GPC when
exposed to 2% sulfuric acid solution for 18 months was superior to OPC, which was
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attributed to the formation of a more stable cross-linked aluminosilicate polymer
structure in the GPC [85]. Figure 9 shows the relative strength reductions in GPC and
OPC after exposure to sulfuric acid over time.

Figure 9: Compressive strength of concrete specimens exposed to sulfuric acid for 18
months [85]

Slags exhibit selectivity towards the anion or anion groups of activators that
contain sodium. Sodium silicates provided the best activation, with the compressive
strength of pastes and mortars exceeding that of OPC pastes with the same
water/binder (w/b) ratio. The compressive strength obtained for sodium silicateactivated slag cements ranged from 20 to 40 MPa, depending on the modulus of the
solution and concentration of alkali. At a high modulus, the early strength decreased,
and the setting time significantly shortened. At a high concentration of alkali, the slag
activated with sodium silicate (Na2SiO3) was found to have a high shrinkage and the
material behaved like a fast-setting cement [86]. Numerous studies have argued that
more strength may be achieved by curing at high temperatures [87]. A curing time of
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not less than two days and a curing temperature of 75 °C was proposed as optimal to
achieve maximal strength in GPC [88]. Although curing at elevated temperatures
increased the strength of GPC and reduced the time to achieve this strength, the current
research cured samples at room temperature; the aim was to minimize the heat needed
to cure the developed materials and hence, in line with the overall research objective,
achieve greater energy efficiencies.
2.6 Geopolymer concrete
The cement industry is the second-largest industrial emitter of greenhouse gases.
The production of one ton of Portland cement releases about one ton of carbon dioxide
into the atmosphere [89]. Figure 10 shows CO2 emissions from cement production for
different countries from 1990 to 2014.

Figure 10: CO2 emissions from fossil-fuel use and cement production a) per capita
and b) GDP in top 5 emitting countries and EU 1990–2014 [90]
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The cement industry is responsible for 8% of global CO2 emissions [90].
Therefore, a greener alternative to OPC is imperative. The feasibility of adding
nanomaterials, admixtures, chemicals, and microorganisms into cementitious
materials has been studied in an effort to enhance concrete strength and reduce cement
consumption [91-94]. Total coal combustion products in the form of FA were
approximately 780 Mt in the year of 2011–12 globally. However, effective utilization
of FA was limited to just 415 Mt or 53% of total production, and the excess remains
an industrial hazard in the environment [95]. Thus, low-calcium FA-based GPC is
emerging as an alternative low-emission binding material, compared with OPC [96].
2.7 Coal combustion products
The burning of coal for electricity generation remains high around the world. For
example, in the USA, coal accounted for 33% of total electricity generation in 2017
[97]. The residues of coal burning predominately collected for reuse are FA and bottom
ash, while other components such as synthetic gypsum, boiler slag, cenospheres and
fluidized bed ash, are also collected. FA is collected from emissions control equipment
in the form of a very fine powder varying in color from grey to buff, depending on the
type of coal. Rich in silica, alumina, and calcium, its chemical and mechanical
properties make FA a desirable material in the concrete industry [97]. FA is the major
component of all CCPs, accounting on average for 57% of the total [98]. As its name
suggests, bottom ash is collected from the bottom of the coal burning plant. Its particles
are coarse, hence bottom ash is used as sand gravel or aggregate. Synthetic gypsum is
produced from coal plants equipped with flue gas desulphurization emissions controls.
Its material state varies from wet sludge to dry powder, depending on the configuration
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of the emission control set-up [97]. Figure 11 shows the total production of CCPs and
their percentage use.

Figure 11: Production and beneficial use of coal combustion products [97]

2.8 What is geopolymerization?
Geopolymer is the product of the reaction between an alkaline solution
(activator) and solid alumino-silicate [99]. The chemistry of the reaction is shown in
Equations 1-3.
𝐴𝑙 𝑂 . 2𝑆𝑖𝑂 + 2𝑆𝑖𝑂 + 11𝐻 𝑂 + 2𝑀𝑂𝐻 → 2𝑀𝐴𝑙(𝑂𝐻) + 4𝑆𝑖(𝑂𝐻)

(1)

𝑀𝐴𝑙(𝑂𝐻) + 𝑛𝑆𝑖(𝑂𝐻) → 𝑀𝐴𝑙(𝑂𝐻) (𝑆𝑖(𝑂𝐻) )

(2)

𝑥(𝑀𝐴𝑙(𝑂𝐻) (𝑆𝑖(𝑂𝐻) )

𝑆𝑖(𝑂𝐻) + 𝑛𝐻 𝑂

|
|
⎡
⎤
𝑂
𝑂
⎢
⎥
|
|
⎥ + (𝑛𝑥 + 2𝑥)𝐻 𝑂
𝑆𝑖(𝑂𝐻) → ⎢
⎢ [ −𝑆𝑖 − 𝑂 −] − 𝐴𝑙 − 𝑂 − ⎥
⎢
⎥
|
|
⎣
⎦

(3)
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Joseph Davidovits compared the chemistry of Portland cement and geopolymer
cement. Hardening of Portland cement is due to hydration of Calcium Silicate into
Calcium Di-Silicate hydrate (C-S-H) and lime Ca(OH)2 as shown in Equation 4 [100].
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In the case of geopolymer, hardening is caused by polycondensation into cross
linked network as shown in Equation 5 [100].
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(5)

2.9 Effect of fly ash type and heat curing on the geopolymerization process
The mineralogical and chemical composition of FA in general depends on the
source of coal and types of power plants [101]. The use of FA as a binder in
geopolymer composites has several advantages over Portland cement, including lower
environmental impact, lower cost of extraction, and improved corrosion resistivity
[102]. The main type of FA is the combustion residue collected from power plants that
burn pulverized coal. The FA is classified as either ASTM Class C or ASTM Class F,
and the two classes are distinguished by their high and low calcium content,
respectively. Spherical FA particles reduce water demand and improve the workability
of the geopolymer [103]. However, due to a relative lack of calcium, FA-based
geopolymer composites develop strength very slowly. At room temperature, FA is
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partially dissolved [104] and the low reactivity of the ash increases the setting time of
the geopolymer. Figure 12 shows the microstructure of FA.

Figure 12: SEM micrograph of headwater fly ash particles after leaching in 7.5 M
KOH solution at 75 °C and 3 days (a = 0.62), with insets a) Linde F zeolite crystals,
and b) gel layers on glass

To accelerate the curing process to achieve acceptable early age strength, heat
curing and high calcium additives are required. Traditionally, oven curing at 60 to 120
°C for an extended period [105-107] is used to accelerate early age strength
development. The heating duration is usually 24 hours [106], after which point the rate
of increase in strength is uneconomical [107]. Ultra-high strength specimens (i.e., 120
MPa compressive strength) are obtained by heat curing at 115 °C for 24 hours [108].
The high heating temperature required for relatively long periods limits the use of oven
curing to relatively small precast concrete structures.
Furthermore, in spite of the slow polymerization process, the compressive
strength of ambient-cured mixes at 56 days is comparable to those which are heat cured
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[106]. Jang, Lee and Lee [109] produced FA-based geopolymer in an ambient
environment with binder, activator and super plasticizer only. However, the strength
of an ambient-cured specimen at 28 days was considerably lower than that of its ovencured counterpart. More recently, to overcome the low reactivity of FA and reduce
synthesis complexity, additives such as slag and various types of fibers were added to
the geopolymer mix. Earlier research investigated the effect of adding slag to the
chemical composition of the product. Ultra-high strength geopolymer mortars (i.e.,
108 MPa) were produced in ambient conditions by replacing 50% of the FA with slag
[110]. The additional calcium content of slag accelerated the polymerization process.
Yip and Van Deventer [111] discovered that geopolymeric alumino-silicate hydrate
gel and calcium silicate hydrate gel were formed simultaneously and independently.
The feasibility of ambient curing of ASTM Class F FA was tested and the researchers
concluded that the addition of GGBS, OPC, or Ca(OH)2 accelerated early age strength
development, thereby enabling the method of ambient curing [112]. Additionally,
adding granulated lead smelter slag enhanced the compressive strength of the
geopolymer when the particles were less than 20 µm in diameter [113]. Fast
microwave curing was introduced using household microwave ovens. One minute of
high microwave output (850 W) accelerates the formation of alumino-silicate bonds.
Combined with higher concentration of NaOH, the formation of porous structures was
seen in the FA-based geopolymer paste [114].
A geopolymer paste made from mechanically-activated FA (using a vibration
mill with a milling media to powder ratio of 10:1) leads to an 80% increase in
compressive strength, compared with geopolymer made from raw FA [115]. The
compressive strength of high-volume FA mortars with the addition of nano-silica has
significantly improved with room temperature curing [116]. Early strength is also
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achieved in geopolymer mortars (FA + rice husk ash) with different percentages of
nano-silica and nano-aluminum oxide and heat activation for 2, 4, and 8 hours at
different temperatures [117]. The addition of nanoparticles to FA geopolymer mortar
shows appreciable strength with ambient curing [118-121]. Moreover, the addition of
a colloidal nano-silica (6% w/w) in a low-calcium FA-based geopolymer mortar at
room temperature exhibited maximal improvement of strength and durability [122].
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Chapter 3: Materials, Synthesis and Characterization of MacroEncapsulated Phase Change Materials
This chapter discusses the raw materials used in the current research, as well as
their characterization prior to the development and after the preparation of samples.
3.1 Raw materials
Primarily, two liquids (a Na2SiO3 solution and an 18-molar solution of sodium
hydroxide (NaOH)) and three solids (FA, ground granulated blast-furnace slag
(GGBS) and dune sand (DS)) are used to develop the GPC under examination. In the
following discussion, GGBS will be described simply as “slag”. The LECA used is
designated LECA1, LECA2, or LECA3, depending on its grading. Other than these
ingredients, several additives were used for certain compositions. A list of materials
used with their densities are shown in Table 3. Figure 13 comprises photographs of the
raw materials used.
Table 3: List of materials used in the experiments
Materials
Clay based lightweight expanded clay aggregate 1-4 mm (LECA1)
Clay based lightweight expanded clay aggregate 4-10 mm (LECA2)
Clay based lightweight expanded clay aggregate (agricultural grade)
4-10 mm (LECA3)
Dune Sand (DS)
Fly Ash (FA)
Ground granulated blast furnace slag (GGBS)
Maize starch
Paraffin based phase change material
Potato starch
Sodium Hydroxide (NaOH)
Sodium silicate (Na2SiO3)
Spray paint

Density
421 kg/m3
369 kg/m3
340 kg/m3
1693 kg/m3
1262 kg/m3
1236 kg/m3
847 kgm3
0.88 kg/l - solid
0.76 kg/l - liquid
850 kg/m3
1.19 kg/l
1.39 kg/l
0.88 kg/l
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(PCM-RT31)

(NaOH flakes)

(Na2SiO3)

(Fly ash)

(LECA1)

(Dune sand)

(Polyurethane foam)

(Slag)

Figure 13: Images of the raw materials used in the development of GPC cubes

3.2 Characterization of the materials
Prior to the experiment proper, the chemical compositions of the slag, FA, DS
and LECA were tested using X-ray diffraction (XRD). Microstructure of the same
materials and GP was examined using Scanning Electron Microscopy (SEM). Slag,
FA and DS were also characterized using X-ray fluorescence (XRF).
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3.2.1 X-ray Fluorescence Analysis (XRF)
Chemical compositions of the GGBS, FA and DS characterized through XRF
are presented in Table 4. The FA used herein was categorized as class F in accordance
with ASTM C618 [123]. In general, there are two main categories of FA, i.e., class F
and class C. The burning of anthracite, bituminous or sub-bituminous coal yields class
F, which is low in lime (<7%) but with excess silica, alumina and iron oxide. Class C,
sourced from the burning of lignite coal, is rich in lime (15% to 30%) [124]. The
'pozzolan' effect (see definition below) was evident in the FA used in the current
research because of the presence of silicates and alumina. Details of this
characterization are explained in the coming sections.
Definition: A pozzolan is defined as "a siliceous or siliceous and aluminous
material, which in itself possesses little or no cementing property, but will in a finely
divided form – and in the presence of moisture – chemically react with calcium
hydroxide at ordinary temperatures to form compounds possessing cementitious
properties" [125].
Table 4: X-ray fluorescence (XRF) test results
Constituent
Fly ash
Slag
Dune sand

SiO2 %
48
34.7
64.9

Al2O3 %
23
14.4
3

Fe2O3 %
12.5
0.8
0.7

CaO %
3.2
41.9
14.1

MgO %
1.5
6.8
1.3

LOI %
1.1
1.1
0.5

3.2.2 X-ray Diffraction (XRD)
The dry constituent materials were grounded to fine powder and x-ray diffraction
analysis was used with a Cu-Kα radiation at room temperature. The prepared samples
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were scanned at 2θ between 10° and 80°. The experimentally obtained x-ray
diffractograms are shown in Figure 14.

(a)

(b)

(c)
Figure 14: X-ray diffractograms of a) slag, b) FA, c) LECA, and d) DS
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(d)
Figure 14: X-ray diffractograms of a) slag, b) FA, c) LECA, and d) DS (Continued)

The large halo located between 25° and 35° (2θ) in the x-ray diffractogram of
slag (see Figure 14a) indicates that it contains mostly amorphous compounds. The
amorphous composition of slag is due to the quenching process where water is used
during its production. Small reflections for Quartz (SiO2), Mullite (Al6Si2O13), and
Gehlenite (Ca2Al(AlSiO7)) were also identified. Figure 14b displays the x-ray
diffractogram of FA, which revealed several sharp crystalline peaks in 2θ range from
20° and 70°. The observed sharp crystalline peaks were assigned to the main
crystalline phases of Quartz (SiO2), Mullite (Al6Si2O13) and Hematite (Fe2O3). The
presence of these relatively inactive crystalline phases is typical in low-calcium flay
ash. The wide diffusive hump shows the presence of a small quantity of amorphous
solids as well. The ground LECA powder showed phase composition similar to that
expected for autoclaved clays (see Figure 14c). Quartz (SiO2) was the major crystalline
phase identified in DS (see Figure 14d), with other minor phases identified to include
Calcite (CaCO3), Dolomite (CaMg(CO3)2), Mullite (3Al2O32SiO2), and Hematite (αFe2O3).
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3.2.3 Scanning Electron Microscopy (SEM) Analysis
The scanning electron microscopic (SEM) analysis was carried out using
accelerating voltages of 10 kV and 15 kV. Interconnected porosity of LECA can be
observed in Figure 15a and b. The pore size was not uniform and ranged from few μm
to almost 1 mm. This porosity can be benefited in buildings for thermal insulation,
sound proofing and lightness of concrete. This research exploited its ability to host
PCM in its porosity because of its interconnected type. Microstructure of DS was noted
to be nodular with the size range approximately 80 μm to 200 μm (see Figure 15c).
SEM investigation of FA revealed that its particles were spherical in shape and mainly
smaller than 30 μm (see Figure 15d) but with a broad particle size distribution (see
Figure 15e). Slag particles were noted to have different microstructure (see Figure 15f)
i.e. coarser than FA and were angular in structure, with a mean particle size of roughly
27 μm.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 15: Microstructure of the materials using scanning electron microscopy for a)
LECA Mag. 20, b) LECA Mag. 250, c) DS Mag. 100, d) FA Mag. 1000, e) FA Mag.
3000, and f) slag Mag. 3000
Detailed SEM and EDX analysis of the geopolymer paste used herein has been
reported for completeness. Figure 16 shows the micrograph of the geopolymer paste.
It can be observed that FA spheres were intermixed with angular slag particles and
reaction products can be noted adhered to the surface of FA spheres. To further
characterize the reaction products, energy dispersive x-ray (EDX) spot analysis was
employed. The EDX plot highlighted the presence of calcium (Ca), silicon (Si),
sodium (Na), aluminum (Al), and oxygen (O). This indicated that an aluminiummodified C–S–H gel co-existed with N–A–S–H geopolymer gel. A silicon-toaluminum (Si/Al) ratio of 1.80 was reported in the aluminosilicate phase.
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Figure 16: Micrograph and EDX plot for pulverized geopolymer paste

3.3 Selection of foam and LECA as matrix materials
Porosity of a material is the measure of open, closed, or interconnected voids
within the material. It may be present as either surface porosity or bulk porosity. A
porous material is favorable in terms of thermal conductivity because of low density
but unfavorable in terms of structural strength. Due to low thermal conductivity and
acceptable levels of structural strength, porous materials are widely investigated for
use in the building industry [126]. In concrete production, lightweight aggregate
sourced from either industrial waste products such as rubber [127] or from agricultural
waste such as palm oil shell [128] has been investigated for the properties of reduced
early age cracking, sound insulation, reduced permeability, prolonged durability, and
light construction. In most previous studies, researchers have characterized the
mechanical properties of concrete incorporated with expanded clay aggregate [129] or
focused on strength enhancement by adding expanded clay aggregate [130]. Bogas,
Gomes, and Pereira used such aggregate in concrete for self-compaction [131]. In a
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study, the voids of lightweight aggregate were filled with sodium silicate to produce a
self-healing concrete [132]. Figure 17 is an illustration of porous media.

Figure 17: Illustration of a porous material

In the present study, clay based expanded clay aggregate (LECA) and foam were
used for the first time as matrices for PCM containment. The intentions were to
develop form-stable capsules of PCM able to accommodate volume change during
PCM melting and provide a safe environment when PCM was in a liquid state. Until
now, ordinary foam had not been used before in the building material in any form.
3.4 Selection of PCM
Generally, PCMs are classified into three main categories; organic (paraffins and
non-paraffins), inorganics (salt hydrates) and eutectics. Among these, paraffins are
versatile, since one may select a compound from a wide range of melting and
solidifying temperatures suitable for the required application. Paraffins have moderate
latent heat capacity, low vapor pressure, negligible supercooling, good thermal and
chemical stability, and self-nucleating behavior [31]. Cetyl alcohol is another useful
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PCM with similar beneficial properties. Recently, a cetyl alcohol-dye-polyurethane
composite was synthesized by entrapping the PCM within a visible light-driven
matrix [133]. The novel composite presented an extremely-high phase change
enthalpy and suitable phase change temperature. Figure 18 is an illustration of volume
expansion during phase transition which is an associated problem with PCMs.
Although volume expansion is higher in paraffin based PCMs compared to slat
hydrates, but they are more reliable in terms of longevity and consistent thermosphysical properties after several charging-discharging cycles [31]. Salts experience
sub cooling and incongruent problems and water of crystallization also disassociates
after few melting-freezing cycles [31].

Figure 18: Salt cell evolution: a) salt cell at room temperature, b) salt thermal
expansion due to phase change, c) increase in stress on surrounding concrete as a
result of complete filling and d) damage triggered within the matrix [33]

For hot climates, PCMs are best selected with a melting point below the upper
range of the comfort zone so the material melts during the daytime and absorbs excess
thermal energy to restrict indoor temperature to comfortable levels. In predominantly
colder climates, the melting point of the PCM should be above the lower limit of the
comfort zone to store and supply heat for space heating and maintain a comfortable
indoor temperature [134]. If the PCM melting point is selected improperly with regard
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to ambient temperature at nighttime, the PCM may not solidify to absorb heat during
the next day, thereby reducing its effectiveness [135] and increasing demand for active
cooling [41]. Keeping in mind the all factors, a paraffin based PCM-RT31 was
purchased from Rubitherm Technologies GmbH, Germany. Properties of the PCM are
tabulated in Table 5.

Table 5: Properties of the PCM-RT31 [136]
Parameters

Typical values

Melting area

27-33 °C

Congealing area

33-27 °C

Heat storage capacity ± 7.5%

165 kJ/kg

Specific heat capacity

2 kJ/kg.K

Density solid

0.88 kg/l

Density liquid [kg/l]

0.76 kg/l

Heat conductivity (both phases)

0.2 W/m.K

Volume expansion

12.5%

Flash point

157 °C

3.5 Confirmatory test of PCM RT31
To confirm the manufacturer’s claims about the properties of RT31, two
different characterization methods were employed—differential scanning calorimetry
(DSC) and temperature history method (THM).
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3.5.1 Differential scanning calorimetry (DSC)
Prior to the experiment proper, the PCM RT31 was characterized using a
well-established technique for the characterization of thermo-physical properties
of such material, i.e., DSC. The set-up used for DSC is shown in Figure 19.

Figure 19: Set-up used to perform DSC test

Figure 20 shows the DSC thermogram of the RT31 sample with upward
curves indicating an exothermic process. From DSC thermogram, heat absorption
started at 28 °C and completed at 33.8 °C with the peak at 31.2 °C. Melting onset is the point where the heating line starts deviating from the datum as marked
with the start of the red line while melting completion is shown in the heating line
by the end of red line. Heat of fusion in the range of 28 °C to 33.8 °C was 124.1
J/g. The cooling pattern was somehow similar to heating one, but solidification
zone was shifted slightly towards low temperature. Solidification started at 32.3
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°C and completed at 27.38 °C with the peak at 29.62 °C. Maximum melting and
solidification is represented by the black tangent lines in heating and cooling
curves. DSC results showed slight disagreement with the manufacturer’s claims
according to which melting range was from 27 °C to 33 °C while congealing range
was from 33 °C to 27 °C with the claimed heat storage capacity of 165 J/g
(addition of sensible and latent heat) in the range of 23 °C to 28 °C [136].
According to material data sheet, ±7.5% uncertainty is expected in the heat storage
capacity of the material, but the variation is even more which can be attributed to
sensitivity of the instrument and handling issues.

Figure 20: DSC thermogram of the RT31 sample

3.5.2 Temperature history method (THM)
The same PCM was also characterized by THM. THM solves the problem of
obtaining a representative sample that persists in DSC. DSC can accommodate a very
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small sample size that make it vulnerable to the inaccuracies in the results [137]. Small
samples of DSC also resulted in variation of results when measurements were taken
using different DSC instruments [138]. The problem is more pronounced more for the
cases of heterogeneous materials [139]. Some important features of the PCM may not
appear on DSC like sub cooling, which can be observed in THM [140]. THM compares
the heating and cooling behaviour of a PCM with the material of well-known material
properties [141]. In the current study, two identical 20-cm-long glass tubes with an
internal diameter of 1.8 cm and wall thickness of 1 mm were filled with an equal
volume of either distilled water or liquid RT31. The test tubes were selected with these
dimensions to ensure the Biot number should be less than 0.1, as indicated in Equation
6 [142].

𝐵𝑖 =

ℎ 𝐿
≤ 0.1
𝑘

(6)

where hc is the convective heat transfer coefficient, Lc the characteristic length,
and k the thermal conductivity of the PCM.
With such a low Biot number, the system is presumed to be 'thermally thin' and
hence a lumped capacitance method was assumed for heat transfer measurements.
Latent heat of fusion (Hm), specific heat for solid PCM (Cp,s) and specific heat for
liquid PCM (Cp,l) can be calculated using Equation 7-9 respectively and illustrated in
Figure 22.
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Where as 𝐴 = ∫
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Here, To is start of cooling, Ts is start of solidification, mw and Cp,w are the mass
and mean specific heat capacity of water, mt and mp are the masses of tube and PCM,
Cp,t is the mean specific heat capacity of test tube material, T∞,a is the ambient
temperature.
Both test tubes were equipped with K-type thermocouples and the
thermocouples fixed at the center point of the test tube by wrapping the wire of the
thermocouple around a thin and long pin. The pin was fixed with a cork in the mouth
of each test tube to ensure the thermocouple joint remained centered. The
thermocouples were attached to a data acquisition device, a National Instruments
CompactDAQ (NI-cDAQ™-9178) using the high-density thermocouple module NI9213, and the CompactDAQ connected to the computer. The set-up for THM is shown
in Figure 21, with the entire set-up (Figure 21-a), and a close-up view of the test tubes
fixed inside the chamber, shown in (Figure 21-b).

(a)

(b)

Figure 21: Set-up for temperature history method; a) showing complete set up and b)
an enlarged view of test tubes
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Both tubes were heated simultaneously in an ESPEC Temperature & Humidity
Chamber (Platinous J Series) (with a temperature resolution of 0.3 °C) and kept at
45 °C to attain the same temperatures in the distilled water and PCM tubes. The heating
curve in Figure 22 represents the delay in a temperature rise of the RT31, compared
with the water, due to its higher heat of fusion. Cooling was started in both test tubes
when the contents attained the same temperature. Both tubes were quenched in the
cold water of temperature 10 °C simultaneously; the cooling curve is shown in Figure
22. A difference in the temperature drops within the two test tubes is visible due to the
heat storage capacity of the PCM in its melting range. Results of THM agree with the
DSC with slight variations. Difference in the onset temperatures for DSC and THM is
almost 1 °C. A different of the same magnitude has been already reported who caused
the difference because of the hysteresis nature of the material and thermal gradient
inside the PCM sample [137]. In DSC, melting was completed at 33.8 °C while
solidification started at 32.3 °C. In the case of THM, end of melting in the heating
phase and solidification onset in the cooling phase were almost same, value for both
points is 32 °C. variation in results can be attributed to the uncertainty of the
instruments used in the study, for thermocouple only, uncertainty is ±1.5 °C [143].
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Figure 22: THM curve for the PCM RT31

The heating-cooling curve is also drawn as shown in Figure 22. During heating,
it represents the delay in a temperature rise of the PCM as compared to distilled water
due to its higher heat of fusion. It is obvious from the curve that temperature gradient
of the PCM is very low in its melting range. For heating phase, melting onset point is
27 °C and melting completed at 32 °C. In the range from 27 °C to 32 °C, a shift in the
line can be observed and gradient of temperature rise is reduced. This reduction in
gradient is due to latent heat of fusion of PCM. In comparison to distilled water,
temperature rise for water is consistent and uniform. The difference in the energy
absorption while reaching to the same temperature and delay in temperature rise during
the phase transition is the basic measure of THM. The difference in the gradient of
temperature drop of the materials is also visible in cooling region of Figure 22. It
represents delay in cooling of PCM as compared to water due to higher heat storage
capacity of the PCM during its phase transition. For cooling phase, congealing started
at 33 °C and the solidification complete at 26.5 °C. From the start of cooling phase to

t3
4500
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the solidification onset, temperature drop is somehow linear and then it differential of
PCM temperature from water temperature reduced during phase transition from liquid
to solid PCM.
Heating phase was completed in almost 3150 seconds while cooling required
1350 seconds. The difference in time required is due to different heating and cooling
rates in both phases. Quenching of both tubes in cold water of temperature 10 °C
enhanced the cooling rate, thus resulting in rapid cooling and sharp curve as compared
to the heating phase.
3.6 Meniscus of paraffin (RT31)
Unlike mercury, the investigated paraffin-based RT31 has a concave meniscus,
which implies that its molecules are more strongly attracted to the walls of the
container than to each other. So, instead of piling up upon each other during a phase
transition, they tend to climb the walls of the container creating a concave 'ditch' in the
middle of the container. Figure 23 illustrates a concave meniscus (Figure 23-a) and
shows the meniscus of RT31 as it solidified in a glass cylinder (Figure 23-b).

(a)

(b)

Figure 23: Concave meniscus of the paraffin PCM RT31; a) a schematic diagram and
b) the original photo

45
3.7 Absorption of PCM into the matrix material
Two different methods were employed to incorporate the PCM within the pores
of selected matrices. These methods, immersion and vacuum impregnation, are
explained below.
3.7.1 Immersion
Spherical grains of foam were immersed in the liquid PCM to allow the spheres
to absorb the maximal amount of PCM (Figure 24). They were then cooled in
preparation for further coating. With LECA, in each trial the aggregate of all grain
sizes was completely dried in the heating/cooling chamber to remove moisture before
filling with PCM.

Figure 24: Immersion of foam particles into liquid PCM

500 grams of LECA1 and LECA2 each were immersed separately in liquid
RT31. Time of immersion was varied from 30 minutes to 24 hours while keeping the
temperature of the PCM at 40 °C during the test period. For further trials, temperature
of the PCM was changed from 35 C° to 70 °C with the step difference of 5 °C.
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Temperature of the PCM was varied keeping in view the viscosity of PCM and with
the intentions that at higher temperature, PCM can penetrate more into the voids of
LECA. Effect of stirring after ten minutes interval was also tested. Later, the immersed
LECA was drained in a metallic sieve with shaking and its weight measured again.
There was no observable difference in weight gain of the aggregate; hence, immersion
was not effective for LECA. A possible explanation for the unsuitability of this
approach was that air molecules present inside the pores of the LECA matrix could not
be displaced simply by immersion in the PCM. In addition, the PCM, a by-product of
petroleum, exhibits high viscosity. To overcome these issues, a mechanism was needed
to force out the entrapped air, and one which was sufficiently strong against the high
viscosity and low flowability of the PCM to reach into the interior of the matrix.
Immersion was successful for foam but entirely unsuccessful for LECA, which may
be due to the relative pore sizes and pore distributions of the two materials. Foam has
an open porosity with greater pore size, while LECA has either a pore size too small
to support capillary action, or the pores are closed. Hence, vacuum impregnation was
employed for LECA. Foam filled with PCM in solid phase is shown in Figure 25.
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Figure 25: Ordinary foam immersed in the PCM RT31 (solid phase)

3.7.2 Vacuum impregnation
A customized set-up was built comprising a vacuum desiccator, vacuum pump,
funnel, pressure gauge, and connecting pipes. The components were connected as
shown in Figure 26. Several identical runs were performed in each trial to test the
repeatability of the results.
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Figure 26: Schematic diagram of vacuum impregnation set-up

Trial 1: LECA2 was heated at 100 °C for eight hours to remove moisture content and
500 grams of the aggregate added in the vacuum desiccator. A vacuum of -0.5 bar was
achieved in the vacuum desiccator using the suction from the vacuum pump. Melted
RT31 was able to flow into the desiccator to fully submerge the porous aggregate. The
contents of the chamber were then cooled to solidify the PCM, yielding a bulk material
with total weight of 1206 grams, thus indicating that 706 grams of PCM were
combined with the aggregate (Figure 27). However, this trial resulted in the deposition
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of extra PCM over the aggregate, creating a large conglomerated bulk instead of
separate impregnated capsules. Trial 2 was run to overcome this problem.

Figure 27: Impregnation output of trial 1

Trial 2: 500 grams of moisture-free porous aggregate were placed in a sieve of very
fine mesh and the sieve set at a certain height above the floor of the desiccator. A
vacuum of -0.6 bar was created inside the desiccator. Melted PCM was allowed to
flow into the chamber. As the LECA was held above the desiccator floor, the PCM
passed too quickly over the surface of the porous aggregate due to gravity for
insufficient penetration of the voids. The melted PCM was retrieved and re-heated. In
the next run, porous aggregate was placed at the bottom of desiccator and the
experiment repeated. After 10 minutes of submerging under vacuum pressure, the
mixture of porous aggregate and liquid PCM was passed through the sieve with
continuous shaking to remove extra PCM. The process yielded a suitably-impregnated
aggregate. Its weight was measured after surface drying to determine that 130 grams
of PCM (i.e., 26% of the weight of aggregate) was contained within the voids of the
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porous aggregate. Previously the treated aggregate had much PCM adhering to the
surface of the spheres. This time, PCM was not present in the form of large flakes due
to shaking in the strainer and the repeated action of adding molten PCM. To remove
this layer, molten PCM was passed over the spheres. After three runs, the surface of
the spheres was cleaned of deposited PCM as the hot PCM flowed over the aggregate
while the strainer was shaken. However, upon cooling, the same PCM surface layer
re-appeared. Figure 28 shows the product obtained at the end of trial 2.

Figure 28: Impregnation output of trial 2

Trial 3: For three identical runs in this trial, the suction capacity of the vacuum pump
was increased and a vacuum of -0.95 bar was achieved using the new set-up (Figure
29). Three samples of 500 grams each of LECA2 were dried in the oven for eight hours
at an elevated temperature of 80 °C. Dried LECA2 was added to the vacuum desiccator
and a vacuum of -0.95 bar maintained for five minutes. Molten RT31 was fed into the
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desiccator, whereupon the vacuum pressure decreased gradually, reaching -0.5 bars in
three minutes. Then a pneumatic valve was opened to induce a sudden atmospheric
shock to force the impregnating PCM further into the pores of the aggregate. A vacuum
of -0.95 bar was again maintained for 30 minutes within the chamber. It was observed
that, at atmospheric pressure, most of the LECA2 sank into the liquid PCM while, after
creating a vacuum, aggregate particles start to float over the surface of PCM. Liquid
PCM and aggregate particles were drained in a metallic mesh and shaken to remove
extra PCM. As a result of this trial, 290 grams, 275 grams and 280 grams of PCM were
incorporated into the three 500-gram samples of LECA2.

Figure 29: Vacuum impregnation set-up
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Trial 4: To investigate the effect of grain size on absorption, 500 grams of LECA1 was
processed, using the exact methods employed in Trial 3. Frequent air bubbles were
observed while stirring when vacuum pressure was applied. After this trial, a
maximum of 61% PCM was absorbed within the aggregate (final weight 805 grams).
The developed product from Trial 4 was broken up and examined. Considerable
impregnation was evident, but still PCM had not reached the centers of the spheres;
voids and pores were still present without PCM. A reason for this may be the low
temperature of the porous aggregate. As PCM begins to penetrate, its heat is lost to the
aggregate grain, causing solidification which may hinder the further flow of incoming
PCM.
Trial 5: The procedure for Trial 3 was repeated for different materials. Agriculturegrade porous lightweight aggregate (LECA3) was used for impregnation in its original
and crushed state (Figure 30). To solve the problem of floating, two sieves were used
inside the desiccator and aggregate content was kept in between the two. Quantity of
PCM was filled until the above sieved is completely submerged. Through this method,
PCM couldn’t settle down on the bottom at atmospheric pressure, not it can float over
the surface during vacuum pressure. The whole time, it was completely dipped inside
the liquid PCM. The same configuration of double sieve was used for next trails.
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(a)

(b)

Figure 30: Agriculture-grade lightweight aggregates; a) complete and b) crushed
particles
In this trial, 415 grams of PCM by weight was impregnated into 500 grams of
complete grains of LECA3 and 435 grams of PCM into 500 grams of crushed
aggregate.
Trial 6: In this trial, 500 grams of LECA2 were heated with PCM until all PCM was
liquid and the temperature of the aggregate elevated. Later it was poured into the
vacuum desiccator and a vacuum of -0.95 bar was maintained for 30 minutes. After
sieving and cooling, a weight gain of 390 grams was observed, representing a gain in
density by 78%. Figure 31 shows the absorption of PCM after six trials.

Impregnation of PCM w.r.t LECA
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Figure 31: Impregnation of LECA with PCM achieved in six trials

3.7.3 Impregnation efficiency
From the results obtained in the present study, it was possible to infer that the
maximal absorption of PCM into foam is straightforward and achievable through
immersion. In cases when the PCM did not completely fill the porous structure of the
foam, a slight pressure applied onto the grains of foam had the effect of forcing the
melted PCM into air-filled voids, which remained impregnated with PCM when the
pressure was removed.
In the case of LECA, different grain sizes and shapes had very little effect on
maximal absorption. For further investigations, LECA2 was selected ahead of other
LECAs because of its viability for encapsulation using a mechanical method of
coating. With the process an 87% weight gain of the aggregate was achieved. In a
closely related study, expanded perlite-EP (a product using in horticulture) was soaked
with nutrients and bacteria that resulted in a concentration of approximately 4.1 × 109
spores per g of EP [144]. In a study, only 31 wt.% was impregnated into LECA using
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vacuum impregnation [132]. Although, Na2SiO3 was impregnated with the density
much higher than that of PCM. Absorption efficiency is important for a compact but
dense thermal energy storage system. The more the quantity of PCM is filled in the
pores of same LECA, the less of its quantity is required when used in the building
components for thermal energy management. So, by developing denser particles and
using their less quantity will generate same thermal effects and less compromised
structural strength.

Figure 32: Thermal imaging camera used to measure temperature of solutions

3.8 Development of coating around PCM capsules
Trial 1: An 18-molar solution of NaOH was prepared with deionized, distilled water
using a graduated glass beaker. The process was highly exothermic. NaOH solution
were mixed in a steel container with Na2SiO3 with the ratio of 1:1.5. Slag and FA were
mixed separately in a fixed ratio of 1:3. Later, the liquid solution of NaOH + Na2SiO3
was added slowly to the solid mixture in a steel container by continuous mechanical
stirring. PCM-impregnated aggregate was added to geopolymer mortar for coating
purposes.
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Figure 33: Thermal image of the solution at room temperature (before mixing)

Due to the high temperature caused by an exothermic reaction, PCM began to
melt and pour out of the voids in the aggregate. Mechanical shaking caused the mixture
to become 'mushy.' After 20 minutes approximately, a solid irregular shape of concrete
was obtained. To obtain spherical capsules, an irregular slab of GPC was developed
with PCM-impregnated aggregate inside it and PCM was also infused into the slab. To
quantify the exothermic heat from preparation of NaOH solution, and the heat released
during mixing of NaOH and Na2SiO3, the temperature of the solutions was measured
with a thermal imaging camera, a FLIR-E63900 (Figure 32). The deionized water and
Na2SiO3 were at the room temperature, as shown in Figure 33. It was observed that the
temperature of the NaOH solution rose to 93 °C during preparation of NaOH solution.
After cooling this solution to the indoor temperature and mixing it with the Na2SiO3
at room temperature, the temperature rose again, this time to 56.4 °C (Figure 34).
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(a)

(b)

Figure 34: Thermal image of a) just-prepared NaOH solution and b) after mixing of
NaOH and Na2SiO3
Trial 2: 18-molar NaOH were added to Na2SiO3 and shaken well. The prepared
solution was kept for one hour for the trial. FA were mixed with slag in the steel vessel
and mixed thoroughly. DS were added to the dry mix of FA and slag and homogenized
with a mechanical agitator. Prepared solution was added into the solid mix with
continuous stirring and mixing to develop the geopolymer paste. Already prepared
impregnated aggregate from Trial 5 was added to the geopolymer paste and grains
were rolled on the table in the paste until the paste hardened. The ratio of the
constituents of the coating is shown in Table 6.

Table 6: Geopolymer paste composition (mass ratio, kg/m3)
Fly ash

Slag

Dune sand

457

152

914

NaOH (18M
Solution)
101

Na2SiO3
Solution
252

Total
1876

Rolling spherical aggregate filled with PCM into the geopolymer mortar
produced spherical capsules. Newly made capsules were kept at room temperature for
one hour and then stored in the incubator at controlled conditions (25 °C) for 23 hours.
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After a total resting time of 24 hours, it was cured at the room temperature for 48 hours.
Figure 35 shows the complete development procedure of PCM capsules using the
matrix of LECA. Similar outlook of foam coated with geopolymer capsules gained.

Figure 35: Photographs of the raw material used to develop GP-L-PCM and the
process of development

Trial 3: Air-dried clay was spread over a smooth surface in a very thin layer, sliced
into small squares with a sharp knife and aggregate containing PCM placed on the
layer. Because of its stickiness, the clay stuck to the aggregate and then, on rolling,
clay began to 'overlap' around the aggregates. Vibration of the smooth surface was
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continued until the capsules formed their final round shapes. The capsules produced
in Trial 3 are shown in Figure 36. The same methodology was used for foam particles.

Figure 36: Macro-capsules of foam containing PCM and coated with air-dried clay

Trial 4: Spray paint was tested as an option for protective coating. Aggregate
containing PCM was kept in a meshed container which was vibrated. Paint was
sprayed while vibrating the sieve to ensure all sides of the aggregate was coated in
paint. In other trials, starch from potato and maize was applied around the matrices of
foam and LECA separately. In this case, paste was developed by adding deionized
water with the polymers of starch and the paste was kept thick enough to be applied as
a coating. The capsules were dried and tested further for thermal stability.
Trial 5: In the final trial, aggregate containing PCM was initially coated with dry FA.
A geopolymer coating was prepared according to the composition shown in Table 6.
A modification was made in the composition by excluding DS totally due to the size

60
of sand particles which were too large in comparison to the other ingredients. The
coating was applied in the same manner as in Trial 1—that is, a dry layer of FA
behaved as a sacrificial layer between the aggregate and geopolymer coating. This
coating was the most effective among all trials. LECA capsules containment PCM and
coated with geopolymer paste will be called GP-L-PCM from now onward and the
same foam capsules will be named as GP-F-PCM (Figure 37).

Figure 37: Photographs of the raw material used to develop GP-F-PCM and the
process of development

3.9 Testing of thermal Stability of form-stable capsules
Form-stable capsules produced by immersion, impregnation and coating were
tested to ensure their thermal stability and integrity over higher temperatures. Below
sections comprises the testing methods and their outcomes.
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3.9.1 Weathering test
Initially, final products from the different trials were exposed to a hot ambient
environment, and leakage of PCM was soon observed from the capsules. Following
the final encapsulation trial, encapsulated aggregate was maintained in ambient
conditions, fluctuating above and below the melting point of the PCM, for 60 days and
monitored from time to time. It was observed visually that the surface of capsules was
completely dry at ambient temperatures above 31 °C for the products of Trial 2 and
Trial 5. Trial 1 was unsuccessful because of its faulty methodology while Trial 3 and
Trial 4 were ineffective because of the materials (air dried clay, paint, maize starch
and potato starch). These materials couldn’t stop exudation of the PCM out of the
matrices at high temperatures. Further thermal stability tests were conducted on the
products of Trial 2 and Trial 5.

Figure 38: Three specimens inside the heating/cooling chamber for rapid thermal
cycles
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3.9.2 Rapid thermal cycling
Later, measured masses of large-diameter and small-diameter capsules (with all
other parameters the same) were exposed to the heating/cooling chamber (in a
perforated metal container) for 1000 thermal cycles, and the weight measured after
every 100 cycles. A photograph of the experiment is shown in Figure 38. PCM was
also kept in a glass container inside the heating/cooling chamber to benchmark the
effect of vaporization after thermal cycling. No leakage was observed in the final
capsules in both matrices, foam and LECA. To ensure the presence of PCM inside the
pores of aggregate, a capsule was broken and a considerable quantity of liquid PCM
was observed (Figure 39-b). Completely dry aggregate without PCM is shown in
Figure 39-a for comparison. Although reported value for the PCM absorption is 89.8%
at the maximum but the investigation included only weight loss method to test the
thermal stability and in a narrow range of thermal cycles between 10 °C to 60 °C [145].
The study has limitations because at even higher temperature, materials will behave
differently because of mismatch of volume changes of PCM, aggregate and its coating.
A research investigated four different types of LECA to host PCM and achieved 21.2%
PCM absorption efficiency at the maximum. The study investigated cement-based
insulation to reduce the insulation layer thickness with the damped temperature peaks
[146].
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(a)

(b)

Figure 39: Fracture residues of a) LECA and b) GP-F-PCM indicating presence of
PCM inside after excessive thermal tests

3.9.3 Diffusion-oozing circle test
A DOC test was conducted to check the leakage of PCM out of GP-L-PCM and
GP-F-PCM capsules following the method proposed by [147]. In the test, a circle of
30 mm diameter was plotted on a filter paper. Capsules of GP-L-PCM and GP-F-PCM
were placed inside the circle on separate papers. It was heated up to 105 °C inside the
heating chamber so that inside PCM can melt completely. After cooling it to normal
temperature, capsules were removed, and diameter of the circle was measured again.
Leakage was measured using Equation 10 [148].

𝜂=

𝐷
𝐷

𝑥 100%

(10)

Whereas the value of η will decide the leakage performance of the material, D is
the diameter of the circle with the subscripts of LK for leakage circle and SD for
standard circle.
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The test claim that the maximum of 15% increase in the diameter of the circle is
acceptable for leakage of PCM out of the porous media [148]. Results of our study
revealed there was absolutely no increase in the ooze circle indicating the perfect leak
proofing of the capsules. Figure 40 shows the filter paper with and without GP-L-PCM
capsules on its surface after exposing it to higher temperatures. Hence, the materials
and methods can be used for leak proofing of PCMs contained into the porous media.
A most recent research published in January 2018 used fly ash and slag based
geopolymer to develop half shells. Later, these half shells were filled with the PCM
for high temperature applications and leakage was tested by exposing it to high
temperature [149]. Study reported that inside coating of the geopolymer shell can
reduce loss of PCM. This loss of PCM at higher temperatures could be due to
evaporation of PCM rather than leakage through the shell material.

(a)

(b)

Figure 40: Exudation stability of GP-L-PCM; a) filter paper with GP-L-PCM and b)
filter paper without GP-L-PCM
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3.10 Summary
This chapter covers the materials and processes used in the experiments. FA,
slag and DS were tested using XRF and XRD to check the compositions and phases
present in the materials. Microstructure of FA, slag, LECA, DS and GP were observed
using SEM. Porosity of the LECA evidenced through SEM was utilized for housing
of PCM. The properties of the PCM were also tested using DSC and THM. These
properties were necessary to evaluate to ensure the functionality of PCM as heat
regulation. PCM was immersed in foam and impregnated into LECA with
optimization. A geopolymer coating was developed around LECA and foam. Spray
paint, air-dried clay, maize starch and potato starch was also tested as coating
materials. Finally, form-stable capsules were developed and tested for thermal cycling
stability. It is concluded that geopolymer coating was sufficient enough to encase the
PCM inside matrices of LECA and foam.
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Chapter 4: Thermal Characterization and Performance of Geopolymer
Concrete Cubes Integrating Phase Change Material Capsules
This chapters deals with the detailed description of the used experimental setup
for thermal testing. In addition, different configurations of the conducted experiments
are given in the subsequent sections. Instrumentation, computer program and devices
used in the experiment including data acquisition, U-value kit and Arbin system for
battery charging are also shown and described in this chapter.
4.1 Geopolymer cube preparation
The produced geopolymer paste (GP) was casted in steel molds lubricated with
oil for easy demolding to produce 50×50×50 mm3 cubes. Composition of the GP was
kept constant and presented in Table 6. The cubes were casted using geopolymer only
and geopolymer containing GP-L-PCM proportion of 25%, 50% and 75% by volume.
For comparison, same proportions of LECA was also used to cast GPC cubes, hence
total of seven configurations for LECA including a reference GPC. In the similar
manner, seven different compositions of GPC with foam were developed. Figure 41
shows the constituents of all different GPC cubes used for thermal and structural
performance appraisal.
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Figure 41: Photographs of geopolymer concrete composites used for thermal and
structural testing
4.2 Experimental set up
In these experiments, data were collected with a National Instruments
CompactDAQ (NI-cDAQ™-9178) and the high-density thermocouple module NI9213. The chassis and module used are shown in Figure 42.
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(a)

(b)

Figure 42: Data acquisition devices used in the experiments; a) module NI-9213 and
b) chassis for module NI-cDAQ™-9718
The National Instruments LabVIEW program (LabVIEW 2014) was used for
data acquisition. Figure 43 shows the block diagram of the program used for data
acquisition. It comprises a set of graphical codes connected in an arranged way, with
associated properties modified accordingly.

Figure 43: Screenshot of LabVIEW program for data acquisition
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Figure 44 shows a screenshot of output temperature values. This screen was used
for real-time monitoring of temperature behavior and to help ensure arising issues were
resolved promptly. Data from the complete experiment were stored into a folder that
was retrieved after each sample testing and analyzed.

Figure 44: Screenshot of the program for temperature sensors

Table 7 lists the accuracies and measurement ranges of the devices used in
experiments for temperature measurement and data acquisition.
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Table 7: Measurement ranges and accuracies of the devices used
Measurement
parameter
Data logging
Surface temperature
logging
Surface temperature
measurement [143]

Device

Model

National
Instruments
National
Instruments
RS
Components
Ltd

NI-cDAQ™9178
NI-analogue
module 9213
Thermocouples
K-type

Measurement Measurement
range
error
NA
±0.02%
-75 to 250 °C

±1%

-75 to 250 °C

±1.5 °C

An indoor set-up was developed using 10-cm-thick polystyrene sheet. Gaps and
joints were filled with insulator epoxy to inhibit air infiltration. Only one side of the
set-up had gaps because it was removable, but it was sealed with insulation tape during
operation. A 40 cm x 20 cm silicon heating mat (power output ~80 W) was affixed to
5-cm-thick wood and the wood attached to the foam. The heating mat was selected for
its power consumption per unit area. With 80 W of total power and a total surface area
of 800 cm2, the heating mat supplied about 1000 W/m2, which is in the normal range
of solar radiation [150]. The chamber was designed to allow the distance between the
heating mat and a GPC cube to be varied. The mat was connected with a rechargeable
battery (12 V, 150 Ah). The battery was fully charged prior to the commencement of
each set of experiments to ensure a stable output voltage of 12 V throughout. The
battery was recharged via an Arbin battery test station after each set of experiments
(Figure 45).
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Figure 45: Arbin system for charging of batteries

K-type thermocouples were fixed on the center of each side of the GPC cube
with transparent tape. The thermocouples were attached to the data acquisition device
CompactDAQ (NI-cDAQ™-9178) using the module NI-9213 and the equipment
connected to the computer. Experiments were run for heating until steady state was
achieved; then the heating connection with the battery was removed to allow the GPC
cubes to cool to ambient conditions through natural convection. Data were collected
every minute. Figure 46 shows the schematic diagram and a photograph of the
experimental set-up for indoor testing of thermal performance.
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(a)

(b)

Figure 46: Thermal performance measurement set-up; a) schematic diagram and b)
photo of set-up

4.3 U-value measurement
U-value is a measure of thermal insulation of a building component or system
such as a wall, window, roof or floor. The value measures how well a component
performs as a thermal insulator. The higher the U-value, the worse the component is
from an energy efficiency perspective in providing resistance or a barrier to a change
in a temperature difference across two opposite sides of the building component.
Thermal mass is a dynamic property while U-value is a static property. Thermal mass
is related to the capacity of a material to store energy in a sensible or latent manner;
U-value is related only to thermal conductivity and layer thickness. There is no
relationship between thermal mass and U-value.
The U-value of all the experimental composites was measured using a gSKIN®
U-value kit purchased from greenTEG AG in Zürich, Switzerland. Specifications of
the U-value kit are provided in Table 8 [151].
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Table 8: Features of U-value kit used in the experiment [151]
Description of parameter
Product Name
Heat Flux Range Min / Max [W/m2]
Heat Flux Resolution [W/m2]
Min. Sensor Sensitivity (S) [µV/(W/m2)]
Temperature Sensor Accuracy [°C]
Measurement Frequency
Operating Temperature Range Min/Max[°C]
Calibration Temperature Range Min/Max [°C]
Calibration Accuracy [±%]

Value
gSKIN® KIT-2615C
±200
<0.22
7
±0.5 (-10...+65 °C)
±2.0 (-55...+125 °C)
1/sec to 1/h
-40 / 100 (-20 / 65 for logger)
-30 / 70
3

In the indoor experimental set-up, a heat flux sensor was attached to the back
surface of the GPC cube and the front surface was exposed to a radiative heat source.
In the space between the front side of the cube and the heating mat, a thermocouple
was fixed to measure ambient temperature at the front. Similarly, a thermocouple was
fixed at a distance of 5 cm from the back surface of the cube. Data were logged every
minute and the U-value of the cube calculated. The U-value was measured using the
U-value kit, as shown in Figure 47, and calculated using Equation 11.

𝑈=∑

∑
(

)

where qj = heat flux at time j
Tij = inside air temperature at time j
Tej = outside air temperature at time j

(11)
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Figure 47: U-value kit used for measurement of U-values [151]
4.4 Results and discussion
Below are the results of thermal performance of GPC for: (i) GPC with the
capsules of GP-F-PCM; and (ii) GPC with the capsules of GP-L-PCM. These sections
also include the corresponding U-values.
4.4.1 Thermal analysis of GPC cubes integrating foam and GP-F-PCM
Figure 48 shows the temperature profile for the front surface of the GPC cubes
for complete heating and cooling cycles. At the start of the experiment, the cubes were
at room temperature; this temperature began rising at different rates with heating. The
rate of temperature rise was different for all cubes because of the different material
properties, but the trend for all was the same. With increasing quantities of foam, heat
conduction of the cube increased with respect to the reference cube. The steady-state
temperature for the reference cube was achieved at 65.4 °C, while, for the 25%, 50%,
and 75% foamed GPC, the steady-state temperatures were 66.8 °C, 67.4 °C, and 69.4
°C, respectively. With the addition of GP-F-PCM, front-surface temperatures fell in

75
line with increasing PCM. The surface temperatures were 65.1 °C, 63.4 °C, and 61.9
°C for the 25%, 50%, and 75% GP-F-PCM capsules, respectively.
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Figure 48: Front surface temperature profiles with foam and GP-F-PCM
The effect of different composites on temperature drop was most evident in the
back-surface temperature profiles. The overall trend of the temperature curves was
akin to the front-surface temperature but with reduced magnitude. For the reference
case, steady state was achieved at 57 °C, with 62.8 °C for 75% foam at one extreme
and 44.4 °C for 75% foam-PCM capsules at the other extreme. Other corresponding
configurations lay in between these two extremes above and below the reference for
foam and GP-F-PCM respectively, as shown in Figure 49. In the literature, researchers
found that foam reacted with NaOH and was degraded into low-molecular compounds
[152,153]. This degradation could be one reason for increasing the back-surface
temperature of the GPC cubes containing foam.
Effect of higher thermal inertia due to PCM delayed cooling of the GPC cubes
as compared to the reference. In the cooling region, temperature of cubes with PCM
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was higher as compared to the foamed PCM and reference cube. The same
phenomenon has been reported in earlier studies [154].
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Figure 49: Back surface temperature profiles with foam and GP-F-PCM

To validate the concept that back surface temperature in the case of GP-F-PCM
is reduced due to the presence of PCM while, direct integration of foam into the
composition of GPC caused the increase in back-surface temperature, a sandwich layer
between two halves of GPC cube was developed with identical mass and total concrete
thickness of 5 cm. Purpose of the investigation was that foam used as a sandwich layer
can act as an insulation but becoming part of the composition of GPC, it increases
thermal conductivity of the GPC. Foam was compressed tightly between the two
halves and exposed to the same heat flux. Schematic of the sandwich is shown in
Figure 50.
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Figure 50: Schematic diagram for the sandwich cube

Figure 51 shows the comparison of back-surface temperatures for the sandwich
cube, direct addition of foam into geopolymer concrete and direct addition of GP-FPCM capsules. The back-surface temperature for the sandwich cube was 53.7 °C,
compared with 61 °C for that of 50% foam. It may be inferred from these results that
foam has an insulation effect if used as a sandwich layer, but an adverse effect on heat
transmission when incorporated into GPC, due to reaction with alkali. Addition of GPF-PCM capsules have even better results in terms of temperature drop.
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Figure 51: Back-surface temperature comparison for foam in different way of
integration
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Figure 52 shows the temperature profile obtained from the sensors attached to
one side of the cubes orthogonal to the back and front surfaces. The temperature
behavior was similar to that of the front and back surfaces but the values of these were
in-between the two. The steady state of the temperature curves was achieved at 67.2
°C, 62.0 °C, and 53.6 °C for 75% foam, reference, and 75% GP-F-PCM capsules,
respectively.
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Figure 52: Comparison of temperature variations on one side of all cubes with foam
and GP-F-PCM

Figure 53, Figure 54, and Figure 55 show the temperature profiles for the other
three sides of the cubes; these were almost identical to that of the first side, with only
slight variations. The inference is that the compositions were uniform and the
variations probably due to slight differences in the position of the thermocouple.
Distribution of additives was also confirmed by cutting cross section of the cubes and
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presented in the structural part of the thesis (Chapter 5). For quick analysis, steady
state temperatures are tabulated in Table 9.
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Figure 53: Comparison of temperature variations on the 2nd side of all cubes with
foam and GP-F-PCM
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Figure 54: Comparison of temperature variations on the 3rd side of all cubes with
foam and GP-F-PCM
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Figure 55: Comparison of temperature variations on the 4th side of all cubes with
foam and GP-F-PCM

Table 9: Steady state temperatures for all the samples with foam and GP-F-PCM
Ref.
(°C)

25%
Foam
(°C)

50%
Foam
(°C)

75%
Foam
(°C)

25% GP-FPCM
(°C)

50% GP-FPCM
(°C)

75% GP-FPCM
(°C)

Front Surface

65.4

66.9

67.4

69.4

65.1

63.4

61.9

Back Surface
Back Surface
for Sandwich
Side 1

57

58.2

60.4

62.9

49.9

47.4

44.5

NA

NA

53.7

NA

NA

NA

NA

62

64

65.6

67.2

56.8

55.2

53.7

Side 2

61.1

63.4

65.2

66.9

55.7

54.7

53.8

Side 3

61.1

64.5

65.8

67.3

56.8

55.2

53.7

Side 4

61.2

64.9

65.7

66.6

56.2

54.9

53.5

4.4.2 Thermal analysis of GPC cubes integrating LECA and GP-L-PCM
Figure 56 shows the temperature profile for the front surface of GPC cubes for
a complete heating and cooling cycle with LECA and GP-L-PCM capsules. At the start
of the experiment, the cubes were at room temperature; this temperature began rising
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at different rates with heating. The rate of temperature rise varied because of different
material properties, but the trend was the same. The temperature variations at the front
surface indicated different values of heat transmittance due to differences in
composition. The addition of LECA decreased the front-surface temperature,
compared with the reference cube, and the effect was pronounced when GP-L-PCM
capsules were added. Steady state was achieved for the cubes at 65.4 °C, 62.1 °C and
60.4 °C for reference, 75% LECA, and 75% GP-L-PCM, respectively.
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Figure 56: Front surface temperature profiles with LECA and GP-L-PCM

The effect of different compositions on temperature drop was more evident in
the back-surface temperature profiles. The overall trend in the temperature curves was
akin to that of the front surface but with reduced magnitude. For the reference case,
steady state was achieved at 57.0 °C, compared with 51.4 °C for 75% LECA and
49.0 °C for 75% GP-L-PCM capsules. The profiles of the other configurations lay inbetween the reference and the 75% GP-L-PCM (Figure 57). A decrease in temperature
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in the case of LECA alone may be attributed to air molecules present in the voids of
the LECA. As the entrapped air acts as a thermal insulator, this would appear to be the
reason behind a reduced peak temperature at the back surface. For GP-L-PCM, the
temperature drop was attributed to thermal inertia enhancement due to PCM. The
results agree with previous findings on the addition of LECA. It was reported that,
with the addition of LECA only, thermal conductivity of concrete specimens was
lowered. The thermal conductivity was also linked with the density of the LECA; the
more dense the LECA, the higher its thermal conductivity, which has been proven
experimentally [155].
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Figure 57: Back surface temperature profiles with LECA and GP-L-PCM

Figure 58 shows the temperature profile obtained from the sensors attached to
one side of the cubes, orthogonal to the back and front surfaces. The temperature
behavior was again similar to that of the front and back surfaces, but the values were
in-between the two. Steady state of the temperature curves was achieved at 59.8 °C,
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57.0 °C, and 54.2 °C for reference, 75% LECA, and 75% GP-L-PCM capsules,
respectively.
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Figure 58: Comparison of temperature variations on one side of all cubes with LECA
and GP-L-PCM
Figure 59, Figure 60, and Figure 61 show the temperature profiles on the other
three sides of the cubes; these were very similar to that of the first side. For all cubes
and all sides, steady state temperatures are summarized in Table 10 for quick
comparison.

84
80

Reference
25% GP-L-PCM

25% LECA
50% GP-L-PCM

50% LECA
75% GP-L-PCM

75% LECA

Temperature (°C)

70
60
50
40
30
20
9:00

11:00

13:00

15:00

17:00

19:00

21:00

23:00

1:00

3:00

Time (hours)

Figure 59: Comparison of temperature variations on the 2nd side of all cubes with
LECA and GP-L-PCM
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Figure 60: Comparison of temperature variations on the 3rd side of all cubes with
LECA and GP-L-PCM
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Figure 61: Comparison of temperature variations on the 4th side of all cubes with
LECA and GP-L-PCM

Table 10: Steady state temperatures for all the samples with LECA and GP-L-PCM
Ref.
(°C)

25%
LECA
(°C)

50%
LECA
(°C)

75%
LECA
(°C)

25% GP-LPCM
(°C)

50% GPL-PCM
(°C)

75% GPL-PCM
(°C)

65.4

64

63.5

62.1

61.6

61.1

60.4

57

55.4

53.1

51.4

50.7

49.9

49

59.8

59

58.3

57

56.3

55.6

54.2

Side 2

59.8

59

58.1

56.8

56.2

55.6

54

Side 3

59.8

59

58.3

56.9

56.2

55.5

54

Side 4

59.9

59

58.2

56.9

56.2

55.5

54

Front
Surface
Back
Surface
Side 1

4.4.3 U-value of geopolymer concrete integrating foam and GP-F-PCM
The U-values of the cubes increased when foam was added while the values
decreased with the addition of GP-F-PCM. The different U-values were confirmed by
thermal performance measurements. Figure 62 represents the results of U-value for all
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configurations. Highest value of 2.07 W/m2K was observed for 75% foam (even
greater than the reference value of 2.04 W/m2K) which may be attributed to increased
thermal conductivity due to reaction of foam with the alkali. With the addition of GPF-PCM, insulation effect of the material was improved. The value decreased from 1.49
W/m2K for 25% GP-F-PCM to 1.09 W/m2K for 75% GP-F-PCM. These values are
too high as compared to the building components reported in literature which ranged
from 0.38 W/m2K to 0.6 W/m2K [156]. In another study, U-value of the insulated
concrete wall ranged from 0.16 W/m2K to 0.36 W/m2K [157]. The variation could be
due to a difference in the thickness of the materials that have been reported in the
literature. It also needs further investigation.
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Figure 62: U-value of GPC cubes with foam and GP-F-PCM

4.4.4 U-value of geopolymer concrete integrating LECA and GP-L-PCM
Figure 63 compares the U-values of different compositions containing LECA
and GP-L-PCM. For the reference GPC cube, U-value was 2 W/m2K (Figure 63). As
amount of GP-LECA was increased, U-value was decreased and reached to 1.6 W/m2K
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for the case of 75% quantity. This effect was even more increased with the addition of
GP-L-PCM and U-value decreased to 0.9 W/m2K for 75% GP-L-PCM. Although, Uvalues seem bit high from the energy efficient building’s perspective, but a building
façade of concrete material with the U-value of 3.25 W/m2K was reported in previous
findings [158].
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Figure 63: U-values of GPC cubes with LECA and GP-L-PCM
4.5 Summary
Detailed thermal investigations of the GPC cubes were performed in a
customized set-up for capsules of both matrices (polyurethane foam and expanded
clay). In the case of adding foam into the GPC, a rise in surface temperature was
measured with respect to the reference cube; this rise was directly proportional to the
amount of foam added (Figure 64). A temperature rise of 5.8 °C at the back surface
was observed with the addition of 75% foam as compared to the control sample. In the
case of GP-F-PCM, a considerable temperature drop was achieved; the magnitude of
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the temperature drop was proportional to the addition of GP-F-PCM capsules as shown
in Figure 64. The maximum of 12.5 °C temperature was dropped at the back surface
with the inclusion of 75% GP-F-PCM compared to the reference/control sample.
Steady-state temperatures at the back surfaces of cubes for the reference, 75% foam,
and 75% GP-F-PCM were 57 °C, 62.9 °C, and 44.5 °C, respectively.
In the case of LECA and GP-L-PCM capsules, the addition of LECA to GPC
cubes lowered the surface temperatures, compared with the reference cube, while the
effect was more pronounced when GP-L-PCM was included (Figure 64). It was
concluded that the temperature drop in the case of LECA was due to entrapped air in
its pores which reduced thermal conductivity. For the PCM, an increase in thermal
mass of the GPC cube was the obvious explanation. The back-surface temperatures for
reference, 75% LECA, and 75% GP-L-PCM were 57 °C, 51.4 °C, and 49 °C,
respectively.

Temperature (°C)

70

Foam

LECA

GP-F-PCM

GP-L-PCM

60

50

40
0%

25%
50%
Additives (in %volume)

Figure 64: Summary of the results (steady state temperatures at the back surface) for
all compositions

75%
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Comparing the performance of GP-F-PCM and GP-L-PCM, the former
performed better in terms of surface temperature drop because foam is much more
porous than LECA, so the degree of containment of PCM within foam was
comparatively higher.
The reason for the temperature drop may be inferred from the U-value of each
composition. The U-value slightly increased with the increasing foam while it
decreased with increasing amounts of GP-F-PCM as represented in Figure 65. The Uvalue has increased by 1.5% with the addition of 75% foam while it has decreased by
46.6% with the addition of 75% GP-F-PCM capsules. The reaction of strong alkali
with foam changed the composition of the GPC to a less insulating material. From the
thermal performance results, it also predicted that PCM would have performed even
better than the current performance because some of its insulating effect had been
damped by the reaction of foam with GPC inside the geopolymer shell. The
implication of this was that if the matrix material were not reactive with GPC, then the
beneficial effect of PCM may have been enhanced.
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Figure 65: Summary of the results (U-value) for all compositions

Addition of LECA and GP-L-PCM decreased the U-value as can be observed
from Figure 65. The magnitude of reduction was 20.6% and 57.8% with the
proportions of 75% LECA and 75% GP-L-PCM respectively. Expanded clay itself has
a very low thermal conductivity. Additionally, air present in its porosity has further
positive effect in dropping the U-value.
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Chapter 5: Structural Testing of the Geopolymer Concrete Cubes
Integrating Phase Change Material
This chapter covers the development of specimens for structural testing and the
results of compressive strength tests. It also reports some of the issues that were
observed during the complete experimentation.
5.1 Development and compression testing of the specimens
An 18-molar solution of NaOH was prepared and mixed with the Na2SiO3 after
cooling to room temperature. In the current study, the mixture of NaOH and Na2SiO3
was homogenized and kept for one day at room temperature. The ratio of constituents
in pure GPC is shown in Table 6. In cases involving the addition of foam, LECA, or
associated PCM macrocapsules, an equal volume of solid constituents was replaced.
The surface of the steel mold used for GPC casting was lubricated with oil for
easy demolding. Cubes of GPC were cast with the dimensions 50 mm x 50 mm x 50
mm. In each instance, the cubes were cast by proper compaction on a vibrating table.
After casting, the molds were kept indoors for one day and then the samples were taken
out. The samples were cured under indoor conditions for seven and 28 days and then
compression tested. It is worth noting that the samples were cured in ambient air, not
in water, as is the method favored by some researchers.
Five specimens from each configuration (a total of 13) were tested after seven
and 28 days of curing, according to the standard method for calculation of compressive
strength. The testing machine, built by Wykeham Farrance Engineering Ltd in the UK,
had a capacity of 3000 kN. Strain endpoint and test point values were 0.8 mm/mm and
1.00 mm/min while applying load. This machine gave only the value of final load at
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which the sample failed. An average was calculated for each set of configurations and
any value well beyond the other values was ignored. Figure 66 shows a GPC cube
before curing (Figure 66-a) and after curing (Figure 66-b).

(a)

(b)

Figure 66: Effect of curing on the color of exterior surface; a) before curing and b)
after curing

To investigate the elongation behavior of GPC, specimens were tested with a
MTS universal testing machine. This machine gives the data points of elongation
against the applied load so a stress-strain curve may be plotted. The machine's maximal
load capacity was 75kN. This limitation restricted the present study to tests of GPC
only at an early age. Figure 67 shows the experimental set-up used for compression
testing.
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Figure 67: Compression testing set-up showing placement of specimen
5.2 Results and discussion
GPC was evaluated in terms of compressive strength and its stress-strain
relation. Compressive strength is presented to confirm which composition will be
conforming to the strength requirements in building applications.
5.2.1 General behavior of GPC
A GPC cube after failure is shown in Figure 68. Data from the MTS machine
were plotted to obtain an insight into the compression of GPC when a compressive
load was applied.
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Figure 68: GPC cube after failure point during compression testing
Compression was non-linear at the beginning, as shown in the 'toe region' of
Figure 69. After that, it became linear until fracture. The plotting was carried out for
GPC at an age of two days only; older samples could not be compressed to fracture
due to the limited capacity of the MTS machine. Figure 69 shows the results of three
samples of pure GPC. It was observed that the trend of compression was exactly same
for all specimens, indicating high uniformity in the measured properties. The only
difference was in the peak load. This difference, which is attributable to many factors,
was minimized by averaging.
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Figure 69: General compressive behavior of GPC

To further ensure the uniformity of particles distribution inside the GPC cubes,
cross sections were cut nicely for both coarse aggregate (Figure 70-a) and for fine
aggregate (Figure 70-b). It was concluded that capsules and aggregate was uniformly
distributed, that’s why it produced unified results in thermal performance as well.

96

(a)

(b)

Figure 70: Cross-section of the GPC to visualize particle distribution; a) for coarse
aggregate and b) for fine aggregate
5.2.2 Compressive strength of geopolymer concrete integrating foam and GP-FPCM
Figure 71 shows the compressive strength of GPC after seven and 28 days with
and without different amounts of foam and GP-F-PCM capsules. In general, a
substantial increase in compressive strength was achieved with aging from seven days
to 28 days in all configurations which could be attributed to hydration of free calcium
content.
The compressive strength was 41.5 MPa and 65.7 MPa for the reference case
after seven and 28 days, respectively. The strengths were similar with the addition of
foam, ranging from 40.9 to 42.8 MPa at seven days and 68.1 to 69.9 MPa at 28 days.
Strength was very low with the addition of GP-F-PCM capsules, ranging from 7.2 to
10.4 MPa at seven days and 9.9 to 14.6 MPa at 28 days. Comparing GPC with foam
and GP-F-PCM, samples exhibited greater strength with foam, which may be
attributed to more compaction and higher density of the material. In case of GP-FPCM, it would appear that the presence of PCM induced the development of more
fragile areas [159].
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Figure 71: Compressive strength test results for geopolymer concrete integrating
foam and GP-F-PCM capsules
It is reported that the low shear strength and stiffness of PCM capsules was
responsible for loss of compressive strength [160]. Results of the previous studies
reported that addition of PCM capsules induced porosity into GPC [161]. This porosity
was linked with the increase in latent heat, reduction in thermal conductivity and
reduction in compressive strength [161]. Other researchers stated that PCM had
adversely affected the geopolymerization process of FA that caused reduction in
compressive strength [162].
The curing time from 7 days to 28 days has increased compressive strength by
63.3% at the maximum among all composite concrete compositions in the current
study. During the investigation, a change in the color of the concrete cubes was
observed while curing. The texture of the outer surface of the concrete cubes changed
from dark to light with curing (Figure 66) which is because of geopolymerization.
From the investigations, it is predicted that strength of the cube developed from outer
surface to the interior of the cubes as it can be observed in Figure 72. At the age of 7
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days, external thickness of the cubes had light color up to the thickness of almost 1.5
cm and further interior region is dark (Figure 72-a). The color of the whole interior
became light after 28 days (Figure 72-b). There is huge variation of strength increment
with aging of GPC in the reported literature. Gain in strength at the age of 28 days as
compared to 7 days was 14% higher [162], more than 1.5 times [163], 51.4% higher
[164], almost no change [165] while few of the studies just investigated at the age of
7 days as they considered that most of the strength can be achieved after this much
time [166,167].

(a)

(b)

Figure 72: Effect of curing on the interior color of the geopolymer concrete cube to
visualize geopolymerization; a) after 7 days and b) after 28 days

5.2.3 Compressive strength of geopolymer concrete integrating LECA and GP-LPCM
Figure 73 shows compressive strength of GPC after seven and 28 days with and
without different amounts of LECA and GP-L-PCM. In general, a substantial increase
in compressive strength was achieved with aging from seven days to 28 days in all
configurations, but the addition of LECA and GP-L-PCM reduced the compressive
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strength significantly. Compressive strength was 41.5 MPa and 65.7 MPa for the
reference case after seven and 28 days, respectively. Strength was very low with the
addition of LECA and GP-L-PCM capsules, ranging from 7.2 to 10.1 MPa at seven
days and 10.1 to 14.8 MPa at 28 days. Comparing GP-LECA-PCM and LECA, the
samples exhibited more strength with PCM, which may be attributed to greater
compaction and higher density.
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Figure 73: Compressive strength test results for geopolymer concrete integrating
LECA and GP-L-PCM

Reason for the aforementioned strength loss due to addition of PCM capsules
had also been previously reported, which was generally attributed to concrete
microstructure. The weaker but porous aggregates, used herein for encapsulation,
created a weak plane and thus governed the maximum compression strength of the
GPC samples. It was also noted that air voids present between the capsules and matrix
and weaker interfacial bond may had contributed to lower strength as well [161,168]
but it was not evident in observed failure mode in this study, where the aggregate
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crushing was noted to be the governing failure mode. However, the compressive
strength test results for the developed thermally-responsive-light-weight concrete are
promising and suitable for the construction of building facades and roofing
membranes.

5.3 Summary
Compressive strength of GPC was measured. Curing of pure geopolymer at
indoor ambient can produce high strength concrete (up to 65.2 MPa). The achieved
strength in the reference case is higher than ordinary Portland cement concrete. With
heat curing, it can be increased further. In the study, heat curing was not considered
because of energy intensive process. Addition of foam has slightly increased the
compressive strength (roughly +3.6%), while, with the addition of GP-F-PCM, LECA
and GP-L-PCM, strength was reduced considerably. The minimum strength amongst
all configuration was 9.9 MPa for 75% GP-F-PCM at the age of 28 days. The main
reason for the loss of strength was the weak structure of LECA and fragile PCM. Still,
strength of the thermally enhanced geopolymer concrete is sufficient enough to be used
as buildings facades, roofing membranes and claddings. Ordinary LECA was used as
a matrix for the current study, although a structural LECA is available with
compressive strength three times more than that of ordinary LECA. In future, structural
LECA will be used and, as a result, a slight increase in the compressive strength of
GPC is expected.
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5.4 Observations
During the experiments, few of the issues were observed as explained below.
These subjects can be addressed in further research.

5.4.1 Leakage of PCM
The PCM capsules prepared in this study were reliable enough to ensure that
leakage of PCM was not observed. During the experiments, sometimes improperlycoated capsules were added to the concrete mix; from these, PCM leaked during
casting. In such instances, the GPC cube does not develop strength even with
prolonged aging. The same was observed when a capsule was crushed during the
mixing through impact with a mechanical part. These faulty samples were tested, and
it was observed that, on applying the load, the samples deformed without resistance.
The failure to develop strength may because diffused PCM in the GPC cubes hindered
the geopolymerization reaction. The same causes were predicted by previous studies
on the matter [31,169].

5.4.2 Bonding forces of the specific geopolymer
The specific geopolymer is more cohesive than it is adhesive. This means that
bonding among its particles is stronger than bonding to other surfaces. The effect was
observed throughout the whole study (Figure 74). For future investigation, it will be
worthwhile to perform pull-off tests for steel and fiber reinforcements.
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(a)

(b)

Figure 74: Very thin layer of GPC flaking from the surface of mold after drying; a)
top view and b) side view

5.4.3 Effect of lubrication on the surface
It was observed that after applying lubricant to the mold (to aid demolding),
pores appeared at the surface of the cast part. To validate this effect, a cube cast in a
dry mold did not produce any surface porosity (Figure 75). The cause of the porosity
may be due to a reaction between the lubricant and ingredients within the geopolymer.

(a)

(b)

Figure 75: Surface finish of the cube casted; a) by applying lubricant inside the mold
and b) without lubricant
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5.4.4 Improper compaction
If compaction were not performed properly, air bubbles became entrapped
inside. After resting the mold, these air bubbles diffused upwardly due to their low
density and caused pores at the surface. These pores are shown in Figure 76.

Figure 76: Pores on upper surface of GPC cube due to escape of entrapped air

5.4.5 Cracks
In a large GPC cube (50 cm x 50 cm x 50 cm), cracks were observed when the
cube was left outdoors in harsh conditions for a few days, as shown in Figure 77. The
reason for this is unknown and will be investigated in future research.
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Figure 77: Cracks on surface of bigger GPC cube following exposure to harsh
outdoor conditions
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Chapter 6: Conclusion and Recommendations
In the present study, a paraffin-based phase change material (PCM-RT31) was
contained in two different porous structure, lightweight expanded clay aggregate
(LECA) and polyurethane foam. PCM carrying matrices (LECA and foam) were
coated with geopolymer paste, yielding form-stable PCM capsules named as GP-FPCM and GP-L-PCM. The effect of addition of foam, GP-F-PCM, LECA and GP-LPCM on the thermal and structural performance of the prepared concrete composition
cubes was investigated experimentally. All these four additives had been added by
complete compaction in 25%, 50%, and 75% proportions. All prepared composite
cubes were subjected to thermal and structural testing and compared with a reference
GPC (geopolymer concrete) cube.
The addition of foam to GPC raised the surface temperatures of the concrete
cubes in line with increasing proportions of foam. For the maximum content (75%
foam), the back-surface temperature increased by 5.9 °C in comparison with the
reference/control sample. It had been noticed also that, the addition of GP-F-PCM
capsules lowered the surface temperatures, with the magnitude of the temperature drop
increasing with higher proportions of capsules. In the maximal case (75% GP-F-PCM),
a temperature drop of 12.4 °C was measured at the back surface, compared with the
reference. The addition of LECA had a positive effect on the back-surface temperature
because of its porous structure and lower thermal conductivity. Air molecules within
the composition also served the purpose of lowering thermal conduction. With the
addition of GP-L-PCM capsules, thermal performance improved even further.
Addition of LECA and GP-L-PCM capsules decreased the back-surface temperature
of 5.6 °C and 8.0 °C for 75% contents of LECA and GP-L-PCM with respect to
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reference slab respectively. This reflects the effective impact of PCM inclusion in the
concrete.
The results obtained from thermal testing were cross-checked against the
measured U-values of all compositions. The U-values confirmed the thermal
performance results which decreased from 2.04 W/m2K for the reference concrete cube
to 1.09 W/m2K for 75% GP-F-PCM, but it increased to 2.09 W/m2K in the case of
75% foam addition. It was observed that, with increasing proportions of LECA, the Uvalue gradually decreased, and it decreased more when GP-L-PCM was added. It
reduced from 2.04 W/m2K for the reference case to 1.6 W/m2K for 75% LECA and
dropped further to 0.9 W/m2K for 75% GP-L-PCM.
The compressive tests had been conducted for all concretes after 7 and 28 days
of curing to investigate the effect of the different additives on the compression
strength. In general, ageing of all the concrete composite cubes from 7 to 28 days
increased the compressive strength because of geopolymerization process. The
maximum effect of up to 63.3% increase in strength had been observed. The addition
of foam slightly increased the compressive strength (+6.3% at the age of 28 days) as
compared to the control sample concrete (65.7 MPa), but strength was reduced
significantly when GP-F-PCM, LECA and GP-L-PCM were added. Compressive
strength was 9.9 MPa, 10.1 MPa and 10.9 MPa for 75% proportions of GP-F-PCM,
LECA and GP-L-PCM respectively. Integration of these additives weakened the cubes
and rendered them structurally more prone to failure at low compressive loads.
However, the compressive strength test results for the developed thermallyresponsive-light-weight concrete are suitable for the construction of building facades
and roofing membranes.
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6.1 Recommendations
The following are recommendations for further research:
i)

It is recommended to perform the tests on large scale cubes rather 5 cm x5
cm x5 cm cubes.

ii)

The used LECA is normal one and it is recommended to use structural
LECA to achieve better strength results.

iii)

Outdoor ambient curing of GPC is recommended for further research in hot
climates such as UAE's, where daytime temperatures exceed 40° C in
summer.
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